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I .  INTRODUCTION 

Radioactive  contamination  of  our  water  supplies  has  increased 
in  recent  years,  paralleling  the  advances  in  nuclear  technology  and  the 
growing  uses  for  radioisotopes.  These  radioactive  materials  constitute 
a  serious  health  hazard  if  present  in  significant  concentrations  and 
make  the  water  unfit  for  many  industrial  processes.  The  discharge  of 
radioactive  substances  is  presently  regulated  by  laws  designed  to 
ensure  the  safety  of  water  users  but  abnormal  conditions  may  result  in 
dangerous  levels  of  activity  in  the  watercourses.  In  wartime,  the 
widespread  use  of  nuclear  weapons  would  certainly  result  in  severe 
contamination.  Conventional  water  treatment  processes  have  removed 
varying  amounts  of  contamination  depending  on  treatment  used,  source 
and  composition  of  the  activity,  and  on  other  substances  present  in 
the  water.  The  purpose  of  this  investigation  was  to  determine  the 
possible  benefits  of  polyelectrolytes  as  aids  to  the  conventional  and 
specially  modified  treatment  processes  in  water  decontamination. 

The  major  sources  of  radioactive  water  contaminants  include  the 
fallout  from  nuclear  weapons  explosions,  wastes  from  production  of 
radioisotopes  or  recovery  of  reactor  fuel  elements,  and  wastes  from 
individual  users  of  isotopes.  The  chemical  and  physical  properties  of 
the  contaminants  determine  the  extent  to  which  they  may  be  removed 
from  water  by  a  selected  process.  These  properties  in  turn  depend  on 
the  source  of  the  contamination. 
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Nuclear  weapons  detonated  over  land  form  melted  silica  spheres 
which  are  only  sparingly  soluble  in  the  pH  range  of  natural  waters  (1,2). 
Uranium  mill  wastes,  containing  the  radioactive  daughter  products  of 
uranium  disintegrations,  hold  99  per  cent  of  the  most  dangerous  radio- 
isotope,  Ra   ,  in  an  insoluble  form  within  the  spent  slimes  and 
sands  (3).  On  the  other  hand,  the  chemical  wastes  will  generally  con- 
tain the  radioelements  in  a  soluble  ionic  form.  Smaller  fallout 
particles,  which  deposit  downwind  from  a  nuclear  blast,  may  have 
volatile  fission  products  condensed  on  their  surfaces  and  thus  cause 
considerable  water  contamination  by  solution  of  the  activity  (k) .  For 
complete  decontamination,  both  the  soluble  and  the  insoluble  activity 
must  be  removed. 

Specific  radioelements  which  enter  the  body  are  selectively 
absorbed  from  the  gastrointestinal  tract  and  may  then  be  generally  dis- 
tributed throughout  the  body  fluids  or  may  be  concentrated  in  particular 
organs.  The  health  hazard  of  a  particular  radioelement  may  be  evaluated 
by  considering  the  rate  of  absorption,  the  body  distribution,  the  half 
life  of  the  material,  the  nature  and  energy  of  the  radiation,  and  the 
rate  of  excretion  from  the  body.  Maximum  permissible  concentrations 
(MPC)  have  been  determined  for  many  radioisotopes  (5). 

Five  elements  representing  a  potential  hazard  to  water  users 
were  selected  for  removal  studies  with  polyelectrolytes .  Their  charac- 
teristics  are  presented  in  Table  1.  With  the  exception  of  Pm   ,  all 
are  difficult  to  remove  by  ordinary  coagulation. 
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TABLE  1 
CHARACTERISTICS  OF  SELECTED  RADIOISOTOPES 


Element 

MPC(^C/ml) 

Chemical  Form 

Critical  Organ 

^137^137* 

2  X  10^ 

CsCl  in  HC1 

Total  body- 

PmW 

2  x  10"3 

PmCl3  in  HC1 

Gastrointestinal  Tract 

Sr 

1  x  10"4 

SrCl2  In  HC1 

Bone 

„238 

4  x  10"^ 

U02(N03)2.6  H20 

Gastrointestinal  Tract 

!«! 

2  x  10'5 

Nal  in  basic 
Na2S03  soln. 

Thyroid 

II.  DECONTAMINATION  OF  WATER 

The  radioactive  elements  present  in  fallout  generally  comprise 
less  than  one  part  per  billion  by  weight  of  the  total  fallout  0+). 
Much  inactive  material,  consisting  of  weapon  vehicle  fragments  and 
debris  from  the  ground  below  the  explosion,  must  be  removed  from  the 
water  in  order  to  remove  the  activity.  To  be  removed  by  conventional 
treatment  processes,  soluble  activity  must  be  precipitated  or  incor- 
porated into  another  solid  present  in  the  water.  The  literature  was 
reviewed  to  find  the  optimum  conditions  for  decontamination. 

Natural  Decontamination 

A  number  of  natural  processes  serve  to  reduce  the  activity 
before  the  water  reaches  the  treatment  plant.  Such  processes  include 
sedimentation,  ion  exchange  and  sorption  by  silts  and  clays,  and  bio- 
logical concentration  by  organisms  in  the  streams.  These  often  afford 
only  temporary  storage  for  activity  and  may  result  in  surges  of  activity 
when  high  flows  resuspend  the  solids.  Concentration  of  radioactivity 
by  natural  agents  is  reviewed  in  ORNL-2557  (6). 

Removal  by  Water  Treatment  Processes 

Only  those  procedures  which  are  readily  adaptable  to  existing 
treatment  plants  were  studied  with  polyelectrolytes .  These  include 

-k   - 


-  5  - 
ion  exchange  and  sorption  on  solids,  coagulation  and  precipitation, 
and  lime-soda  softening.  Other  processes  such  as  distillation,  evap- 
oration, electrodialysis,  electrolytic  separation,  solvent  extraction, 
and  freezeout  have  been  studied  by  others  for  activity  removal  from 
wastes  but  they  are  impractical,  at  the  present  time,  for  treating  the 
large  volumes  of  water  required  for  public  consumption. 
Ion  Exchange  and  Sorption  on  Solids 

Clays  and  Minerals.  Clays  and  minerals,  which  form  natural  ion 
exchange  systems,  vary  in  their  effectiveness  for  removing 
radioactivity  from  water.  Some  of  the  radioelements  are  held 
to  the  outside  of  the  solid  by  surface  valences  while  others 
penetrate  the  lattice  and  bond  internally.  The  solids  should 
be  finely  ground  to  increase  the  surface  area  and  permit  easier 
access  to  the  interior. 

Christenson  et  al.  (7)  found  that  celite,  kaolin,  tuff, 
and  pumice  would  remove  plutonium  from  laboratory  wastes.  Lacy 
(8)  slurried  a  mixed  clay  (montmorillonite  and  kaolinite)  with 
tap  water  containing  radioisotopes  and  removed  8^-95  per  cent  of 
Sr9°-Y9°  but  only  5  per  cent  of  I  ^  ,  Other  investigators  (9-13) 
found  that  clays  had  a  particularly  strong  affinity  for  cesium. 
Strontium  was  usually  taken  up  to  a  lesser  degree. 

Foreign  ions  in  solution  interfere  with  removal  of  radio- 
elements  by  competing  for  the  available  sorption  sites.  Calcium 
ion  greatly  depresses  strontium  uptake  because  of  the  chemical 
similarity  of  the  two  elements  (10,13,1/0.  Since  hydrogen  ions 
also  depress  uptake,  best  removal  of  activity  generally  occurs 
at  high  pH  (8,9).  Davey  and  Scott  (15)  showed  that  the  presence 
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of  sulfate  ion  decreased  the  amount  of  uranium  adsorbed  on  clay. 

Extruded  montmorillonite  was  found  to  be  a  good  column 
adsorbent  but  many  cations  could  be  leached  out  of  the  clay  by 
continued  passage  of  water  (16).  A  comparison  of  slurry  and 
column  treatments  showed  that  a  single  slurry  treatment  reached 
only  50  per  cent  of  the  clay  saturation  value  reached  in  a 
column  for  the  same  activity  (13).  The  contact  time  between 
the  water  and  the  solid  should  be  as  long  as  practical  since 
equilibrium  is  very  slowly  attained  with  some  isotopes  (8,12). 

Straub  et  al.  (17)  and  Eliassen  et  al.  (18)  used  clay  in 
conjunction  with  alum  and  ferric  chloride  or  ferric  sulfate  for 
removal  of  activity.  Other  common  minerals  found  to  have 
adsorptive  properties  for  radioisotopes  are  Florida  pebble  phos- 
phate (19)  and  limestone  (20).  Robinson  (21)  has  compiled  a 

bibliography  concerning  ion  exchange  minerals  and  disposal  of 
radioactive  wastes. 

Ion  Exchange  Resins.  The  ion  exchange  resins  commonly  used  for 
water  softening  will  also  remove  radioisotopes  from  water. 
Either  cation  exchange  resins  or  anion  exchange  resins  may  be 
required  depending  on  the  ionic  form  of  the  activity. 
Friend  (22)  removed  greater  than  99  per  cent  of  Sr  ^  and  I  ^ 
from  water  with  cation  and  anion  exchange  resins  respectively 

and  Downing  et  al.  (23)  removed  greater  than  97  per  cent  of 

89 
Sr   with  synthetic  resins  and  aluminosilicates. 

It  has  been  noted  that  activity  continues  to  be  removed 

by  cation  exchange  resins  long  after  their  capacity  for  removing 

hardness  has  been  exhausted  (23,2*0  but  resin  capacity  for  cesium 
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is  only  about  half  that  for  hairiness.  The  water  pH  may  affect 
activity  removal  by  influencing  solubility  or  uptake  of  ions. 
Interference  due  to  coraplexing  agents  is  reduced  at  low  pH  (25). 
Batch-type  treatment  with  ion  exchange  resins  was  found  to  be 
less  efficient  than  column-type  operations  but  equilibrium  was 
more  readily  accomplished  (26). 

Special  Methods.  Lauderdale  and  Emmons  (27)  succeeded  in 
removing  a  mixed  fission  product  from  tap  water  by  passing  it 
through  two  glass  columns  containing  steel  wool,  burnt  clay, 
activated  carbon,  and  mixed  cation  and  anion  exchange  resins. 
Lacy  (28)  and  Lauderdale  (29)  slurried  waters  containing  radio- 
isotopes with  metal  dusts  and  removed  up  to  99.9  per  cent  of 

137     131 
the  activity.  Cs  •"  and  I  J    were  not  effectively  removed  by 

this  process.  Straub  et  al.  (17)  used  activated  carbon  to 

131 
remove  I  J   .  Newell  and  Christenson  (30)  removed  plutonium 

from  laboratory  and  laundry  wastes  by  adsorption  on  activated 

carbon,  activated  sludge,  and  trickling  filter  organisms. 
Coagulation  and  Precipitation 

Most  coagulation  studies  have  been  carried  out  on  radioactive 
wastes  or  on  waters  dosed  with  radioisotopes.  With  the  exception  of 
the  cations  above  Periodic  Group  II,  activity  removals  are  usually 
poor  with  alum  and  iron  salts  unless  supplementing  procedures  are  used. 

Christenson  et  al.  (7),  Newell  and  Christenson  (30),  and 
Pressman  and  Lindsten  (31)  used  ferric  chloride  and  lime  to  remove 
Plutonium  from  water  and  also  found  alum  to  be  effective  but  not  as 
good  as  ferric  chloride.  Straub  et  al.  (17)  used  alum  and  ferric 
chloride  with  clay  and  soda  ash  in  jar  tests  to  remove  up  to  98  per  cent 
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of  rare  earths  but  little  Sr  9  or  I  ^  .  Other  investigators  reported 
poor  removals  of  strontium  or  iodine  by  coagulation  (23,32,33,34). 
An  overall  removal  of  70-73  per  cent  of  mixed  fission  products,  simula- 
ting radioactive  constituents  remaining  one  month  after  a  nuclear 
explosion,  was  obtained  by  coagulation  with  alum,  lime,  and  sodium 
silicate  in  a  pilot  plant  (35). 

Eliassen  et  al.  (18)  and  Kaufman  et  al.  (3^)  removed  more  than 
99  per  cent  of  r  ,  as  the  orthophosphate  anion  (P04~),  from  water  in 
coagulation  tests  with  alum  and  ferric  sulfate.  The  primary  mechanism 
of  removal  was  found  to  be  simple  counterion  adsorption  rather  than 
isomorphous  replacement  in  the  floe  structure.  Much  of  the  r 
initially  removed  was  desorbed  with  time  if  the  alum  floe  was  allowed 
to  age.  Optimum  removals  of  activity  resulted  under  conditions  of 
good  coagulation  as  evidenced  by  the  rapid  formation  of  large,  easily 
settleable  floes  and  optimum  turbidity  removals. 

Burbank  et  al.  (36)  used  alum  and  chlorinated  copperas  to  remove 
radioactive  particulate  matter  from  water.  Activity  removal  was 
maximum  at  the  optimum  pH  of  floe  formation.  A  small  amount  of  turbidity 
was  necessary  to  serve  as  nuclei  for  floe  formation  but  quantities  over 
10  ppm  were  of  little  significance  in  removing  particulate  matter. 

Phosphate  coagulation  has  removed  nearly  98  per  cent  of  radio- 
strontium  from  water  (17,33,37).  For  best  results  with  this  method, 
the  pH  should  be  above  11. 3  and  the  trisodium  phosphate  to  lime  ratio 
should  exceed  2.2/1.  The  addition  of  stable  strontium  aids  in  precip- 
itation of  strontium  phosphate  (38). 

131 
Auxiliary  procedures  for  decontamination  of  I  ^  have  used  CuS04, 

AgN03,  and  activated  carbon  with  alum  to  remove  up  to  75  per  cent  of 
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the  activity  (17).  Carrier  iodine  with  AgN03  precipitated  nearly  96  per 

131 
cent  of  the  I  J     (32).  Sodium  hypochlorite  added  before  alum  coagula- 

131 
tion  removed  some  I  •*     but  this  may  have  been  due  to  volatilization  (32). 

Lauderdale  and  Eliassen  (39)  and  Bell  et  al.  (40)  found  lower 
removals  of  gross  natural  fallout  activity  in  municipal  water  treatment 
plants  than  had  been  obtained  in  laboratory  tests  for  removal  of  syn- 
thetic fallout  products.  There  were  extreme  daily  variations  in 
activity  removal  but  a  trend  toward  decreasing  percentage  removals  with 
increasing  age  of  the  fallout  products  was  observed.  Since  the  presence 
of  turbidity,  even  in  large  amounts,  had  no  apparent  effect  on  decon- 
tamination, it  was  assumed  that  considerable  self -purification  had 
occurred  during  runoff  and  storage,  leaving  the  most  difficultly  sepa- 
rable fraction  behind.  There  were  no  significant  differences  in 
removal  between  the  different  conventional  treatment  processes.  Over  a 
period  of  time  an  average  of  50-75  per  cent  activity  removal  may  be 
expected  (39). 

Setter  and  Russell  (41)  removed  50-75  per  cent  of  natural  fall- 
out products  from  rain,  cistern,  and  surface  waters  by  jar  test  coagu- 
lation. Junkins  (42)  reported  removals  of  about  70  per  cent  of  Columbia 
River  activity  by  the  Pasco,  Washington,  treatment  plant. 
Lime-Soda  Ash  Softening 

With  the  exception  of  ion  exchange,  lime-soda  ash  softening  is 
the  only  conventional  water  treatment  process  which  gives  high  strontium 
removals.  Most  of  the  softening  studies  have,  therefore,  included  this 
element . 

Eliassen  et  al.  (18)  removed  74  per  cent  of  Sr  by  lime-soda  ash 
softening  while  Hoyt  (43)  removed  76  per  cent  of  Sr  with  stoichiometric 
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lime-soda  ash  dosages.  Pressman  and  Llndsten  (31)  reported  97  per  cent 

removal  of  Pu  with  the  Army  Mobile  Water  Purification  Unit.  Active 
phosphorus  (P*  )  was  also  removed  during  softening  by  precipitation  as 
calcium  phosphate  (18,34).  Cowser  and  Morton  (44)  reported  good  stron- 
tium removals  using  the  softening  process  in  a  waste  treatment  plant. 
In  a  modified  process,  Goodgal  et  al.  (45)  removed  99  per  cent  of  the 
Sr  from  water  initially  containing  41  ppm  strontium  nitrate  by  aeration 
at  pH  12.2.  Strontium  carbonate  was  precipitated  by  carbon  dioxide  in 
the  air.  Removals  of  95  per  cent  of  r    ,  99  per  cent  of  P^2,  and  94 
per  cent  of  mixed  fission  products  by  lime-soda  softening  have  been 
reported  (18,34,46). 

Removal  of  strontium  in  lime-soda  ash  softening  was  shown  to  be 
due  to  formation  of  mixed  crystals  of  strontianite  and  calcium  carbo- 
nate (46).  Conditions  promoting  the  removal  of  radiostrontium  include 
the  use  of  excess  soda  ash  (23,43,46),  high  pH  (43,46)  high  tempera- 
ture (46),  excess  lime  with  an  equivalent  amount  of  soda  ash  (43),  and 
recirculation  of  preformed  solids  (46).  Burbank  et  al.  (36)  found  that 
up  to  10  ppm  added  turbidity  aided  in  lime-soda  ash  softening  by  pro- 
viding nuclei  for  crystal  formation  and  preventing  the  formation  of 
poorly  settling  microcrystals. 

Good  strontium  removals  are  a  function  of  high  softening 
efficiency.  Where  water  was  not  completely  softened,  Downing  et  al.  (23) 
found  a  linear  relationship  between  hardness  removed  and  activity 
removed.  Alexander  et  al.  (47)  in  testing  water  samples  from  50  cities 
throughout  the  United  States  found  that  municipal  softening  plants 
removed  up  to  75  per  cent  of  the  stable  strontium. 

In  summary,  the  lime-soda  ash  softening  process  appears  to  be 
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the best  general  method  of  decontamination.  It  should  be  supplemented 
with  clay  and  activated  carbon  for  adsorption  of  hard- to- remove  radio- 
nuclides. Coagulants  and  coagulant  aids  may  be  used  to  promote  settling 
and  improve  clarification. 


III.  POLYELECTROLYTES 

Polyelectrolytes,  widely  used  as  coagulant  aids,  are  high 
molecular  weight  polymers  possessing  such  characteristics  of  simple 
electrolytes  as  electrical  charges  or  ionizable  groups.  They  may  be 
naturally  occurring  products  such  as  gelatin,  starch,  or  vegetable 
gums  or  may  be  synthetic  materials  such  as  polyacrylamides  or  copolymers 
of  vinyl  acetate  and  maleic  anhydride.  Cohen  et  al.  (W)  list  three 
classes  of  polyelectrolytes  according  to  the  charge  on  the  polymer: 
(a)  negatively  charged  or  anionic;  (b)  positively  charged  or  cationic; 
and  (c)  compounds  having  both  positive  and  negative  charges  called 
polyampholytes.  To  this  list  should  be  added  a  fourth,  namely  nonionic 
materials  such  as  starch  or  guar  gum.  These  materials  are  used  in  water 
treatment  either  alone  or  in  conjunction  with  metal  coagulants  to  improve 
clarification,  to  reduce  the  coagulant  dosage  required,  to  permit  over- 
loading of  existing  facilities,  or  to  improve  floe  strength  and  filter- 
ability  with  consequent  increase  in  filter  runs. 

The  polymer  molecules,  which  may  be  of  colloidal  dimensions,  are 
surrounded  by  oounterions  of  charge  opposite  that  of  the  polymer  mole- 
cules. This  results  in  an  uneven  distribution  of  charges  in  solution 
such  as  in  the  clay-water  system.  Katchalsky  (^9)  found  that  the 
activity  of  counterions  in  a  polyelectrolyte  solution  decreased  with 
increasing  ionization  of  the  polyelectrolyte  because  of  their  increased 
attraction  to  the  polymer.  The  attraction  of  such  charged  polymers  for 
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ions  Increased  rapidly  with  increasing  valence  of  the  ions.  The  poly- 
electrolytes  could  thus  hold  radioactive  ions. 

Fuoss  and  Sadek  (50)  demonstrated  the  strong  electrical  inter- 
actions of  polyelectrolytes  by  mixing  dilute  solutions  of  cationic  and 
anionic  polymers.  Mutual  precipitation  occurred  in  concentrations  as 

Q 

low  as  10"  molar  in  polyelectrolytes. 

Clay  particles  in  water  have  been  shown  to  bear  a  negative 
charge  throughout  the  normal  pH  range  used  in  water  treatment  (51).  The 
addition  of  alum,  however,  will  reduce  or  reverse  this  change  over  much 
of  the  pH  range.  Cationic  polymers  could  adsorb  on  negative  clay 
particles  because  of  electrostatic  attraction  while  electrostatic 
repulsion  should  play  a  part  where  anionic  polymers  were  used.  Where 
enough  alum  or  other  metal  coagulant  to  reverse  the  charge  was  present, 
then  these  electrostatic  forces  would  be  reversed.  Cohen  et  al.  (W), 
using  water  of  low  turbidity,  found  the  anionic  polyelectrolytes  to  be 
effective  only  as  aids  to  the  metal  coagulants.  This  electrical  force 
picture  does  not,  however,  explain  why  the  anionic  aids  alone  will 
cause  large  floes  to  form  in  slurry  concentrations  of  clay. 

Michaels  and  Morelos  (52)  listed  three  possible  mechanisms  for 
coagulation  of  clay  with  polyanions:  (a)  replacement  of  anionic  groups 
of  the  clay  with  anionic  groups  of  the  polymer;  (b)  hydrogen  bonding 
between  the  solid  and  the  polymer;  and  (c)  the  formation  of  electro- 
static bridges  between  the  clay  and  the  polymer  by  polyvalent  cations. 
Working  with  slurry  concentrations  of  clay,  they  concluded  that  hydrogen 
bonding  between  unionized  carboxyl  or  amide  groups  on  the  polymer  chain 
and  oxygen  atoms  on  the  clay  surface  was  responsible  for  the  adsorption 
of  polyanions. 
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Ruehrwein  and  Ward  (53)  treated  montmorillonite  with  solutions  of 
polycations  or  polyanions  and  then  subjected  the  clay  to  X-ray  analysis. 
The  interplanar  spacing  increased  with  the  polycation,  indicating 
adsorption  on  the  faces  of  the  layers,  but  remained  the  same  for  the 
polyanion.  This  procedure,  however,  did  not  eliminate  the  possibility 
of  anion  adsorption  on  the  edges  of  the  layers  where  anion  exchange 
sites  are  known  to  occur.  Kao Unite  was  found  to  adsorb  a  polyanion 
with  the  amount  adsorbed  being  proportional  to  the  polymer  concentration 
up  to  a  saturation  value  approximately  equivalent  to  the  cation  exchange 
capacity  of  the  clay.  Added  NaCl  diminished  the  repulsive  forces 
between  the  polymer  molecules  so  that  they  could  be  more  closely  packed 
en  the  particle  surfaces  and  adsorption  therefore  increased. 

As  in  Cohen's  work,  Ruehrwein  and  Ward  observed  that  polycations 
were  effective  coagulants  alone  while  polyanions  served  as  coagulant 
aids  after  a  flocculating  dose  of  a  metal  coagulant  had  been  added.  To 
explain  their  results,  they  postulated  the  formation  of  polymer  bridges 
between  particles.  These  bridges  should  form  better  when  the  particles 
are  already  flocculated,  otherwise  many  of  the  polyelectrolyte  molecules 
would  adsorb  completely  on  individual  particles.  The  polymers  also  bond 
particles  in  the  process  of  flocculatlon,  thus  reducing  their  dispersion 
by  Brownian  motion. 

In  neutral  polymolecules,  Brownian  movement  alone  determines  the 
molecular  shape  to  be  a  random  coil  as  the  molecular  segments  rotate 
around  the  chemical  bonds.  In  charged  polyelectrolytes,  the  shape 
results  from  the  equilibrium  between  Brownian  coiling  tendency  and 
repulsion  between  the  charged  sites  along  the  polymer  chain.  Fuoss  (5*0 
measured  the  changes  in  viscosity  of  a  polyelectrolyte  as  it  was  diluted 
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and  found  that  the  more  dilute  solutions  had  much  higher  viscosities 
than  would  be  extrapolated  from  the  concentrated  solutions.  This  was 
attributed  to  a  stretching  out  of  the  polymer  chains  from  mutual  repul- 
sion of  the  charged  sites.  Katchalsky  (^9)  similarly  found  that 
specific  viscosities  of  polyelectrolyte  solutions  increased  with  the 
degree  of  ionization  of  the  polyelectrolyte  up  to  about  60  per  cent, 
then  leveled  off.  This  was  also  said  to  be  due  to  stretching  of  the 
molecules  as  the  electrostatic  field  strength  increased.  The  rates  of 
change  of  viscosity  showed  that  at  very  low  ionization,  the  molecular 
chains  were  so  tightly  coiled  as  to  be  almost  spherical.  At  between 
approximately  10-20  per  cent  ionization,  the  molecules  behaved  as  random 
flexing  coils  while  at  a  high  degree  of  ionization,  they  were  fully 
extended  and  resembled  rigid  rods. 

Michaels  (55)  performed  controlled  hydrolysis  experiments  on 
polyanions  and  concluded  that  there  should  be  enough  charged  sites  to 
extend  the  polymer  chains  sufficiently  to  permit  interparticle  bridging 
without  increasing  the  charge  density  enough  to  interfere  with  adsorp- 
tion on  the  negative  clay  particles.  Partial  charge  neutralization  by 
a  metal  coagulant  should  increase  polyanion  adsorption  by  reducing  the 
repulsive  forces.  The  pH  of  the  solution  would  be  expected  to  affect 
the  ionization  of  the  polymer  and  thus  affect  the  adsorption  and  coagu- 
lation. Black  (56)   summarized  some  of  the  mechanical  aspects  of  coagu- 
lation with  polyelectrolytes . 

Black  and  Hannah  (51)  studied  the  effects  of  eight  coagulant 
aids  on  the  charge  of  clay  particles  treated  with  varying  dosages  of 
alum.  Using  electrophoretic  techniques,  the  particle  charges  were 
found  to  vary  with  changing  dosages  of  alum  and  aid  but  the  degree  of 
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clarification  obtained  could  not  be  correlated  with  the  final  particle 
charge.  The  anionic  polyelectrolytes  would  serve  as  aids  to  the  metal- 
lic coagulants  while  the  cationic  polyelectrolytes  would  serve  as  sole 
coagulants.  All  of  the  polyelectrolytes  could  be  made  to  either  aid  or 
inhibit  coagulation  by  selection  of  dosages  of  alum  or  polyelectrolyte. 

Black  and  Willems  (57)  found  coagulant  aids  to  be  of  value  in 
removing  color  from  soft  waters.  The  lowest  residual  color  was  usually 
obtained  where  the  combination  of  coagulant  and  aid  neutralized  the 
particle  charge.  However,  the  low  pH  used  in  color  removal  makes  this 
process  impractical  for  the  removal  of  most  radioisotopes  from  water. 

Black  and  Christman  (58)  found  both  anionic  and  cationic  aids  to 
be  of  value  in  removing  turbidity  resulting  from  lime-soda  ash  soften- 
ing. The  charge  of  softening  sludge  particles  was  shown  to  be  a  function 
of  the  amount  of  Mg++  present  in  the  water.  Pure  calcium  carbonate  was 
quite  negative  while  pure  magnesium  hydroxide  was  slightly  positive. 
Increasing  amounts  of  Mg++  in  a  mixed  sludge  resulted  in  particle 
charges  more  positive  than  magnesium  hydroxide.  Two  anionic  aids 
improved  clarification  of  suspensions  containing  negative  particles 
while  increasing  the  negative  charge,  therefore  adsorption  could  not  be 
simply  electrostatic  attraction. 

On  the  practical  side,  Rice  (59)  listed  three  general  methods  by 
which  coagulant  aids  work;  they  may  increase  the  specific  gravity  of 
floe,  the  strength  of  floe,  or  the  rate  of  coalescence  of  floe.  They 
are  particularly  valuable  in  forming  a  rapidly  settling  floe  in  cold 
water  where  a  metal  coagulant  alone  is  insufficient.  Black  et  al.  (60), 
using  17  different  coagulant  aids  with  alum  to  clarify  clay  suspensions, 
showed  results  ranging  from  great  improvement  in  coagulation  to  complete 
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Inhibition  of  coagulation.  Wadsworth  and  Cutler  (61)  coprecipitated 
anionic  and  cationic  polyelectrolytes  on  kaolinite  and  hematite  ore 
pulp  to  increase  the  settling  rates . 

Tests  by  Cohen  et  al.  (W)  showed  the  effectiveness  of  one 
anionic  aid  to  be  nearly  independent  of  pH,  alkalinity,  hardness,  and 
turbidity.  However,  the  optimum  dosage  of  anionic  aid  increased 
linearly  with  the  alum  dosage.  The  pH  range  of  alum  flocculation  was 
not  extended  by  the  anionic  aid.  A  cationic  aid  was  effective  only  in 
moderately  mineralized  water  and  allowed  alum  coagulation  in  the 
presence  of  such  interferences  as  sodium  tripolyphosphate  and  lignins. 
Algae,  which  are  negatively  charged,  were  also  removed  from  water  by 
the  cationic  aid.  This  is  potentially  valuable  in  reducing  contamina- 
tion from  organisms  which  are  known  to  concentrate  radioactive  con- 
stituents. The  nonionic  aid  tested  was  less  effective  than  either  the 
cationic  or  anionic  aids. 

Cowser  et  al.  (62)  studied  the  effects  of  eight  coagulant  aids 
on  Oak  Ridge  National  Laboratory  radioactive  waste  effluent  containing 
approximately  50  per  cent  of  the  activity  associated  with  suspended 
solids.  The  most  effective  single  aids  for  turbidity  reduction,  as 
determined  by  jar  tests,  were  Hagan  50,  Separan  2610,  and  Aerofloc  3000. 
Combinations  of  these  aids  with  Hagan  18  gave  further  improvement. 
Plant  trials  showed  that  the  combination  of  Hagan  50  and  Hagan  18  would 
significantly  reduce  the  effluent  turbidity,  giving  a  better  floe  even 
at  low  temperature,  although  complexing  agents,  such  as  cleansers  and 
decontaminating  compounds,  sometimes  seriously  interfered  with  coagu- 
lation . 

Newell  and  Christenson  (30)  found  activated  silica  to  be  an  aid 
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to  chemical  flocculation  of  plutonium  wastes  where  complexing  agents 
such  as  citrates  and  phosphates  were  present.  Hoyt  (^3)  used  sodium 

silicate  to  improve  clarification  with  lime-soda  softening  and  saw 

90  90 
removals  of  Sr  -Y   activity  increase  from  76  per  cent  without  the 

aid  to  79  per  cent  with  the  aid.  Activated  silica  with  alum  gave  no 

significant  removals  of  Sr  9  or  I  3  in  coagulation  tests  (23,32). 

Rice  (63)  listed  possible  disadvantages  of  using  the  organic 
polyelectrolytes  as  a  frequent  shortening  of  filter  runs  with  a 
resulting  increase  in  backwash  water  requirements  and  the  formation 
of  a  nonfilterable  residual  haze  from  colloidal  aluminum  oxide  sol  not 
already  attached  to  the  turbidity  particles  when  the  aid  is  added. 

Johnson  (6k)   photographically  showed  the  effects  of  selected 
polyelectrolytes  on  floe  formation  in  different  types  of  water. 

From  a  study  of  the  behavior  of  many  polyelectrolytes,  certain 
procedures  for  their  application  become  evident. 

1.  The  aid  must  be  applied  in  such  a  state  that  it  may  be 
rapidly  dispersed  throughout  the  water.  Mixing  must  be  fast  and 
complete  to  ensure  that  all  particles  of  turbidity  come  in  con- 
tact with  the  polymer. 

2.  The  order  and  time  of  addition  of  the  coagulant  and  the  aid 
must  be  evaluated.  It  generally  seems  better  to  add  the  aid 
shortly  after  the  coagulant,  although  the  reverse  has  been 
reported,  particularly  in  softening  with  activated  silica. 

3.  The  dosages  must  be  properly  selected.  An  excess  of  aid  may 
saturate  all  adsorption  sites  with  single  polymer  molecules  and 
interparticle  bridging  will  be  prevented.  The  adsorbed  poly- 
electrolytes will  then  repel  each  other  and  stabilize  the 
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suspension.  The  use  of  an  aid  will  sometimes  permit  a  substan- 
tial reduction  in  the  amount  of  coagulant  required  for  satis- 
factory clarification. 

b.     The  effectiveness  of  an  aid  must  be  evaluated  for  a  particu- 
lar water  depending  on  its  chemical  and  physical  properties  and 
on  the  particular  treatment  process  employed.  The  many  inter- 
acting variables  which  affect  coagulation  also  affect  the  choice 
of  aid. 


IV.  EXPERIMENTAL  MATERIALS  AND  PROCEDURES 

The  basic  experimental  procedures  for  water  decontamination 
included  coagulation  with  alum  and  ferric  sulfate,  softening  with  lime 
and  soda  ash,  sorption  on  clays  and  activated  carbon,  carrier  precipi- 
tation, and  combinations  of  these  treatments.  Several  coagulant  aids 
of  different  types  were  used  in  conjunction  with  the  basic  treatments 
in  an  effort  to  increase  the  amount  of  radioactivity  removed  from 
water. 

Materials 

Alum 

Alum  used  as  coagulant  was  reagent  grade  aluminum  sulfate 
represented  by  the  formula  A12(S04)3»18  H20. 

Ferric  Sulfate 

n.  r<w  (errln  3ulfate/"  reagent  grade  powder  analyzing  75.1  per  cent 
J  */S*<*'  DosaSes  °f  ferric  sulfate  are  reported  as  anhydrous 
Fe2vS0, ;3 . 

Lime 

98.o  pj^js-ysi) .r reagent  grade  caieium  hydroxido  — **»« 

Soda  Ash 

nonu^J^  T%1  aSu  WSS  reagent  grade  sodium  ca^nate  monohydrate. 
Dosages  of  soda  ash  are  reported  as  anhydrous  Na2C03. 

Clay 

1.  Kaolinite.  The  kaolinite  used  was  EPK-Edgar  Plastic  Kaolin 
supplied  by  Edgar  Plastic  Kaolin  Company,  Edgar,  Florida.  A 
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data  sheet  is  available  with  the  chemical  analysis  and 
properties  (65). 

2.  Fullers  earth.  The  fullers  earth  was  regular  Florex  XXX 
supplied  by  Floridin  Company,  Tallahassee,  Florida.  Definitive 
data  are  listed  in  Floridin' s  general  catalog  (66). 

3.  Illite.  The  illite  was  grundite  from  Illinois  Clay  Products 
Company,  Joliet,  Illinois.  It  was  reported  to  contain  65-75  per 
cent  illite. 

k.     Yolclay.  KWK  Volclay  was  from  American  Colloid  Company, 
Skokie,  Illinois.  It  is  a  selected  bentonite  consisting  of 
90  per  cent  montmorillonite . 


Coagulant  Aids 


1.  Purifloc  N17.  Purifloc  N17  (Separan  NP  10)  is  a  product  of 
Dow  Chemical  Company,  Midland,  Michigan.  It  is  described  as  an 
acrylamide  type  high  molecular  weight  synthetic  polymer  having 
active  groups  which  are  adsorbed  onto  solids  in  suspension, 
bonding  them  together  and  drawing  them  into  compact  floes  (67). 
The  mechanism  is  said  to  be  nonionic  and  irreversible. 

2.  DIS-106.  This  aid  is  also  a  product  of  Dow  Chemical  Company 
and  was  particularly  recommended  for  flocculatlon  of  solids  in 
softening  processes.  It  has  not  been  approved  for  use  in  the 
treatment  of  potable  water. 

3.  Nalcolyte  110.  Nalcolyte  110  is  a  product  of  Nalco  Chemical 
Company,  Chicago,  Illinois.  It  is  described  as  a  high  molecular 
weight  complementary  coagulant  (68). 

**•  Kelgin  W.  Kelgin  W  is  a  product  of  Kelco  Company,  New  York, 
N.  Y.  This  aid  is  a  polymer  of  the  sodium  salt  of  mannuronic 
acid. 

5.  CMC  12H.  CMC  12H  is  a  product  of  Hercules  Powder  Company, 
Wilmington,  Delaware.  It  is  composed  of  sodium  carboxymethyl- 
cellulose. 

6.  Ceron  CN.  Ceron  CN  is  also  a  product  of  Hercules  Powder 
Company.  It  is  described  as  a  natural  polymer  derivative  and 
was  found  to  be  cationic  (51).  It  is  not  approved  for  treatment 
of  potable  water. 

7.  Jaguar  WPB.  Jaguar  WPB  is  a  product  of  Stein,  Hall  and 
Company,  Inc.,  New  York,  N.  Y.  Jaguar  is  a  guar  gum  derived 
from  the  guar  seed  and  is  described  as  a  polysaccharide  consis- 
ting of  a  complex  carbohydrate  polymer  of  galactose  and  mannose. 
It  is  said  to  alter  the  electrokinetic  properties  of  colloidal 
suspensions  by  a  hydrogen  bonding  effect  (69). 
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8.  Permutlt  65.  Perrautit  65  is  a  product  of  the  Permutit  Com- 
pany, New  York,  N.  Y.  It  is  described  as  a  complex  organic 
compound  having  both  cationic  and  anionic  properties  (70).  It 
acts  by  being  adsorbed  on  the  floe  particles.  Distribution  of 
this  coagulant  aid  was  discontinued  after  completion  of  the 
experimental  work. 

9.  Activated  Silica.  The  activated  silica  was  prepared  from 

N  Brand  sodium  silicate  supplied  by  Philadelphia  Quartz  Company, 
Philadelphia,  Pa.,  by  treatment  with  ammonium  sulfate  (71). 

10.  Burtonite  #78.  Burtonite  #78  is  a  product  of  the  Burtonite 
Company,  Nutley,  N.  J.  It  is  a  refined  guar  gum  and  has  served 
as  a  flocculant,  filter  aid,  and  flotation  reagent  for  a  variety 
of  materials. 

11.  Drewf loc .  Drewfloc  is  described  as  an  alkaline  alumina 
solution  containing  an  organic  "promoter"  or  coagulation  aid 
plus  a  small  amount  of  excess  caustic  for  stabilization.  It  is 
made  by  E.  F.  Drew  &  Company,  Inc.,  New  York,  N.  Y. 

Activated  Carbon 

1.  Aqua  Nuchar  "A".  Industrial  Chemical  Sales  Division,  West 
Virginia  Pulp  and  Paper  Company,  New  York,  N.  Y. 

2.  Nuchar  C-190-N.  Industrial  Chemical  Sales  Division,  West 
Virginia  Pulp  and  Paper  Company,  New  York,  N.  Y. 

3«  Hardwood  Retort  Carbon.  Forest  Products  Chemical  Company. 
Memphis,  Term. 

k.     Norit  C,  American  Norit  Company,  Inc.,  Jacksonville,  Fla. 
Chlorine 

A  high-test  calcium  hypochlorite  containing  a  minimum  of  70  per 
cent  available  chlorine  was  used  in  the  removal  of  I^l. 

Radioisotopes 

The  uranium  was  reagent  grade  uranyl  nitrate  hexahydrate.  The 
other  radioisotopes,  as  listed  in  Table  1,  were  obtained  from  Oak  Ridge 
National  Laboratory  as  carrier-free  elements  in  acid  or  basic  solutions. 

i^ater 

Most  of  the  coagulation  studies  were  made  on  Gainesville  tap 
W?^r+Wi?1<5  PPm  °J  addod  clay  turbidity.     Studies  to  evaluate  the 
eirect  of  lime-soda  softening  were  made  on  a  hard  water  from  wells 

l^ni!tnea^Se  ^ratory*  A»ay«w  of  the  two  waters  performed  by 
standard  methods  (72 )  are  given  in  Table  2.  Dosages  of  hydrated  lime 
and  soda  ash  were  usually  the  stoichometric  quantities  required  for 
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complete  softening  and  were,  therefore,  somewhat  higher  than  the 
dosages  which  would  be  used  in  actual  practice.  However,  undersof ton- 
ing with  lower  dosages  was  sometimes  used  to  detect  the  effects  of 
lower  pH. 


TABLE  2 
CHEMICAL  ANALYSES  OF  WATERS 


Parts  per 

Million 

Constituent 

Gainesville 
Tap  Water 

Well 
Water 

Total  dissolved  solids 

147 

391 

Iron,  Fe 

0 

0 

Calcium,  Ca 

13 

108 

Magnesium,  Mg 

li 

2.4 

Sodium  and  potassium,  Na+K  as  Na 

4.3 

1.1 

Carbonate  ion,  C03 

17 

0 

Bicarbonate  ion,  HC03 

15 

298 

Sulfate  ion,  SO, 

18 

8.7 

Chloride  ion,  CI 

20 

21 

Carbonate  hardness  as  CaC03 

40 

244 

Non-carbonate  hardness  as  CaC03 

38 

36 

Total  hardness  as  CaC03 

78 

280 

pH 

9.24 

7.46 

-  ZUr    - 


Procedures 


Waters  for  activity  removal  studies  were  drawn  into  large  poly- 
ethylene containers  and  thoroughly  mixed  with  the  selected  radioisotope, 
With  the  exception  of  uranium,  initial  count  rates  were  generally  in 
the  range  5°0  to  3000  cpm/ml.  Where  tap  water  was  used,  5  PPm  of 
finely  ground  kaolinite  was  added  to  the  water  to  provide  nuclei  for 
floe  formation.  After  further  mixing,  600  ml  samples  were  pipetted 
into  1-liter  pyrex  beakers  which  were  then  placed  on  the  jar  test 
machines.*  Twelve  samples  could  be  run  at  one  time  on  the  two  units. 

The  paddle  speed  was  set  at  100  rpm  and  1.00  ml  samples  were 
withdrawn  from  four  beakers  and  placed  in  aluminum  planchets  for 
counting  initial  activity.  Measured  amounts  of  adsorbents,  coagulants, 
and  coagulant  aids  were  then  added  to  the  beakers  and  stirring  was 
continued  at  100  rpm. 

All  of  the  coagulant  aids,  with  the  exception  of  activated 
silica  and  Drewfloc,  were  obtained  as  solids.  These  were  dissolved  or 
suspended  in  distilled  water  before  use  by  stirring  with  a  magnetic 
mixer.  The  coagulants  and  softening  reagents  were  also  made  up  as 
water  solutions  or  suspensions.  The  carbons  and  clays  were  added  as 
dry  solids. 

Where  an  adsorbent  was  used  or  where  the  coagulant  was  added 
before  the  aid,  two  minutes  mixing  was  allowed  between  increments  to 
permit  the  adsorbent  to  wet  or  to  give  a  floe  time  to  form.  Three 
minutes  after  the  last  reagent  was  added,  the  speed  was  reduced  to 


♦Laboratory  stirrer  made  by  Phipps  and  Bird,  Richmond,  Va. 
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30  rpra  and  stirring  was  continued  for  30  minutes  permitting  the  floe 
to  grow  and  incorporate  the  solids  in  the  water.   At  the  end  of  the 
slow  mixing  period,  the  machines  were  stopped  and  the  paddles  were 
removed  from  the  beakers. 

After  a  one-hour  settling  period,  1.00  ml  samples  were  with- 
drawn from  just  below  the  water  surfaces  in  the  beakers  and  placed  in 
planohets  for  counting  the  remaining  unsettled  activity.  Fifty  ml 
samples  were  poured  from  each  beaker  at  this  time  if  final  turbidities 
were  to  be  measured.  Ten  ml  samples  were  withdrawn  and  centrifuged  at 
approximately  3200  rpm  (10,000  fpra)  for  15  minutes  to  remove  suspended 
material!  1.00  ml  samples  of  the  supernatant  were  then  taken  for 
counting  as  an  estimate  of  additional  activity  which  might  be  removed 
by  filtration.  Hoyt  (43)  found  that  centrifugation  and  filtration 
gave  comparable  removals  of  activity. 

The  samples  were  dried  under  heat  lamps  and  counted  on  Baird 
Atomic  equipment,  including  a  Model  A-227  gas-flow  proportional 
counter,  Model  I32  Scaler,  and  Model  750  automatic  sample  changer. 
Samples  were  timed  for  900  or  3000  counts  several  times  and  results 
were  averaged.  Counting  efficiency,  as  determined  from  a  radium  D  and 
E  standard  previously  calibrated  by  the  National  Bureau  of  Standards, 
was  approximately  43  per  cent.  Because  of  the  wide  differences  in 
types  and  energies  of  emissions,  no  effort  was  made  to  calculate 
counting  efficiencies  of  individual  isotopes  and  activities  are 
expressed  in  cpm/ral.  The  counter  was  operated  in  the  Geiger  region 
at  2200  volts. 

The  measured  counts  were  corrected  for  background  and  volume 
change  on  addition  of  reagents  and  the  percentage  activity  removed  was 
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calculated  as  follows:  Per  cent  activity  removed  = 

^  (cpm/ml)i-(cpm)bJ  -  [^  (cpm/ml)f-(cpra)b  J  j- — ^*  J 
(cpm/ml)i-(cpra)b 


X  100 


where  i  =  initial  activity  (average  of  k   samples) 
f  =  final  activity 
b  =  background  count 

A  »  total  volume  in  ml  of  aids  and  coagulants  added  to 
the  beaker  sampled. 

The  per  cent  transmittance  of  turbidity  samples  was  measured  on 
a  photoelectric  colorimeter*  using  a  red  filter  and  7.5  cm  light  path. 
Transmittance  values  were  converted  to  A.P.H.A.  turbidity  units  by 
means  of  a  curve  prepared  with  fullers  earth  standards  measured  on 
both  the  colorimeter  and  the  Jackson  Candle  Turbidimeter.  The  pH  of 
the  remaining  solution  was  measured  on  a  Beckman  Zeromatic  pH  Meter. 

The  preceding  methods  were  generally  followed  for  all  isotopes. 
Special  modifications  and  procedures  are  described  in  the  discussions 
of  individual  isotopes. 


Luraetron  Model  450,  made  by  Photovolt  Corp.,  New  York,  N.  Y. 


V.  DISCUSSION  OF  RESULTS 

The  data  are  divided  into  five  groups  corresponding  to  the  five 
radioisotopes  studied.  Common  abbreviations  used  in  the  tables  and 
figures  are  listed  in  the  Appendix.  Solid  lines  in  the  figures  repre- 
sent settled  samples  while  broken  lines  show  activities  remaining  in 
centrifuged  samples.  Values  in  parentheses  in  the  tables  are  turbidi- 
ties of  the  supernatant  in  settled  samples. 

In  evaluating  the  significance  of  activity  removals,  the  amount 
by  which  the  initial  activities  exceed  the  maximum  permissible  concen- 
trations (MFC)  for  water  must  be  considered.  Where  initial  activities 
are  high  in  relation  to  MPC  and  efficiencies  of  decontamination 
processes  are  low,  a  given  increase  in  per  cent  activity  removed  by  a 
polyelectrolyte  may  not  be  nearly  so  significant  as  the  same  increase 
in  per  cent  activity  removed  with  a  high  efficiency  process.  If,  for 
example,  99.9  per  cent  of  the  initial  activity  must  be  removed  to 
reach  the  MPC  and  two  processes  removed  99.0  per  cent  and  50.0  per 
cent  of  the  activity  respectively,  an  increase  in  removal  of  0.9  per 
cent  for  both  processes  would  be  much  more  significant  for  the  first 
process.  In  the  one  case,  activities  would  be  reduced  from  (10  x  MPC) 
to  the  MPC  value  while  in  the  other  the  change  would  be  from 
(500  x  MPC)  to  (1*91  x  MPC).  Percentage  removals  much  greater  than 
99.9  per  cent  are  often  required  in  practice  to  reduce  activities  of 
liquid  wastes  to  permissible  levels. 
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Removal  of  Cs137-Bal3?m 

Cesium  is  one  of  the  alkali  metals  located  in  Group  I  of  the 
periodic  system.  These  elements  are  extremely  reactive  and  form 
mostly  soluble  compounds. 

Cs  37,  with  a  half  life  of  30  t  3  years  (73),  decays  by  0 
emission  to  Ba  -*  ,  which  has  a  half  life  of  2.6  minutes  and  emits  J*" 
radiation.  Because  of  the  different  half  lives,  cesium  would  be  the 
predominate  active  species  present  in  an  equilibrium  mixture  of  the 
two  radioisotopes. 

Coagulation  of  tap  water  containing  Cs  ■*'   with  variable  dosages 
of  alum  and  ferric  sulfate  removed  only  0-10  per  cent  of  the  initial 
activity.  The  hydrous  oxide  floes  are  not  good  adsorbers  for  cesium. 
On  the  other  hand  the  clays  are  quite  effective  for  sorption  of  Cs137 
from  solution  as  shown  in  Figure  1  and  Table  3.  Illite  and  fullers 
earth  both  exhibited  peak  oentrifuged  removals  of  activity  greater  than 
92  per  cent  at  1000  ppm  dosages.  The  decreased  pH  (6.8)  with  5000  ppm 
illite  probably  contributes  to  the  lower  activity  removals  with  this 
dosage  of  day.  Reproducibility  of  results  is  shown  by  the  duplicate 
illite  runs.  Where  pH  was  varied  with  0.5  N  NaOH  or  HaS0,,  centrifuged 
removals  of  activity  generally  increased  with  increasing  pH  but 
kaolinite  and  illite  exhibited  sharp  drops  in  settled  removals  near 
pH  7  as  shown  in  Figure  2  and  Table  k. 

The  polyelectrolytes  differed  in  their  action  on  coagulation 
and  activity  removal  with  clays.  Figure  3  shows  that  Purifloc  N17, 
which  normally  coagulates  slurry  concentrations  of  clay,  reduced  final 
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turbidities  and  consequently  increased  settled  activity  removals  with 
1000  ppm  fullers  earth  or  illite.  Centrifuged  removals,  however, 
decreased  slightly  with  all  dosages  of  this  aid.  Activated  silica 
interfered  with  coagulation  of  clay  where  an  alum  dosage  of  17  ppm  was 
optimum  for  turbidity  reduction  without  any  coagulant  aid.  Residual 
activities  also  increased  with  increasing  dosages  of  activated  silica. 
The  alum  with  1000  ppm  fullers  earth  removed  nearly  95  per  cent  of  the 
activity.  A  dosage  of  10  ppm  ferric  sulfate  with  clay  gave  activity 
removals  comparable  to  alum.  Nalcolyte  110,  Kelgin  W,  and  Jaguar  'tfPB 
had  little  effect  on  activity  removals  with  1000  ppm  fullers  earth  or 
illite  and  10  ppm  ferric  sulfate.  Nalcolyte  110  and  Jaguar  WPB 
significantly  reduced  the  turbidities  while  Kelgin  W  showed  little 
improvement  in  coagulation  under  the  test  conditions. 

Softening  of  well  water  with  lime  and  soda  ash  did  not  remove 

137 
Cs   .  However,  clays  used  in  conjunction  with  lime-soda  ash  softening 

will  remove  almost  98  per  cent  of  the  activity.  Table  5  shows  steadily 
increasing  activity  removals  with  Increasing  dosages  of  lime.  DIS-106, 
Ceron  CN,  and  activated  silica  all  reduced  turbidity  with  lime,  soda 
ash,  and  illite  or  fullers  earth.  Figures  4,  5,  and  6  show  removals 
of  activity  by  settling  generally  increasing  with  decreasing  final  tur- 
bidity, but  centrifuged  removals  have  a  slight  downward  trend  with 
increasing  dosages  of  these  aids. 

An  anionic  aid,  Purifloo  N17,  had  little  effect  on  either 
activity  removal  or  turbidity  when  added  after  1  ppm  Ceron  CN,  a 
catlonic  aid.  Ceron  CN  was  of  no  value  for  increasing  uptake  of  Cs1^ 
by  Volclay  with  lime  and  soda  ash.  It  did  increase  activity  removals 
by  settling  mixed  illite  and  fullers  earth,  lime,  and  soda  ash,  and 
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did  reduce  the  final  turbidity.  Figure  7t  however,  shows  centrifuged 
activity  removals  to  be  nearly  constant.  Variations  in  the  initial 
activity  from  567  cpra/ml  to  10,000  cpm/ral  caused  little  change  in  per- 
centage of  activity  removed  by  settling  and  centrifuging  mixed  illite 
and  fullers  earth,  lime,  soda  ash,  and  0.5  ppm  Ceron  CN. 

Magnesium,  added  as  MgCla,  increased  settled  activity  removals 
but  slightly  decreased  centrifuged  removals  with  mixed  illite  and 
fullers  earth,  lime,  and  soda  ash  as  shown  in  Figure  8.  The  final 
turbidity  was  reduced  to  0  with  33  ppm  added  Mg;  better  clarification 
than  with  any  of  the  polyelectrolytes .  Lime  and  soda  ash  dosages  were 
the  stoichometric  quantities  required  for  complete  softening  including 
removal  of  the  added  magnesium. 

Figure  9  shows  that  traces  of  stable  cesium  greatly  inhibit 

137 
removal  of  Cs  J     from  water  by  clays.  Apparently  the  clays  have  a 

relatively  low  affinity  for  cesium  or  there  are  few  lattice  sites 

available  for  adsorption  and  exchange  of  this  element. 

An  activated  carbon,  Norit  C,  with  lime  and  soda  ash,  removed 
only  37  per  cent  of  the  activity  in  dosages  up  to  5000  ppm. 

In  summary,  neither  coagulation  nor  lime-soda  softening  alone 
will  remove  Cs  3  -Ba  37m  from  water.  Two  clays,  illite  and  fullers 
earth,  are  effective  adsorbents  for  cesium  but  large  dosages  (1000  ppm) 
are  required  for  good  removal.  For  best  results  the  pH  should  be  held 
above  pH  9. 

The  polyelectrolytes  reduced  suspended  activity  by  aiding  in 
clarification  of  clay  slurries  after  softening  but  slightly  reduced 
centrifuged  activity  removals.  Minimum  dosages  of  the  coagulant  aids 
which  give  satisfactory  settling  should  be  used  to  prevent  interference 
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with  activity  uptake  since  the  rapid  formation  of  large  floes  by 
higher  dosages  of  aid  decreases  the  surface  area  available  for  adsorp- 
tion. Still  higher  concentrations  of  polyelectrolytes  may  coat  the 
particles  and  prevent  both  adsorption  and  coagulation. 


89 
Removal  of  Sr  7 


Strontium  is  an  alkaline  earth  metal  located  in  Group  II  of  the 
periodic  system.  These  elements  are  somewhat  less  reactive  than  the 
alkali  metals  and  generally  form  less  soluble  compounds. 

Sr  9  has  a  half  life  of  53  days  (73)  and  decays  by^  emission. 
It  may  be  readily  precipitated  as  the  carbonate  or  phosphate  but  an 
extremely  high  percentage  removal  is  difficult  to  obtain. 

Extensive  coagulation  tests  using  alum  or  ferric  sulfate  with 
variable  dosages  of  seven  polyelectrolytes  failed  to  remove  more  than 
30  per  cent  of  the  initial  activity.  Softening  tests,  using  the  lime 
dosage  calculated  for  complete  softening,  gave  steadily  increasing 
activity  removals  with  increasing  dosages  of  soda  ash  as  shown  in 
Figure  10. 

Table  6  shows  that  low  dosages  of  DIS-106  slightly  increased 
both  settled  and  centrifuged  activity  removals  with  theoretical 
dosages  of  lime  and  soda  ash.  DIS-106,  however,  decreased  activity 
removals  with  100  per  cent  excess  lime  and  soda  ash  equivalent  to  non- 
carbonate  hardness  plus  excess  lime.  Theoretical  lime  dosages  with 

both  theoretical  (35  ppm)  and  excess  (200  ppra)  soda  ash  dosages  were 
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not  significantly  improved  in  removal  of  Sr  7  when  used  with  Kelgin  W, 

Nalcolyte  110,  Jaguar  WPB,  Permutit  65,  activated  silica,  CMC  12 H,  and 
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Purifloc  N17.  Large  dosages  of  aid  almost  always  inhibited  activity 
removal . 

Figure  11  compares  the  effectiveness  of  the  different  clays  in 

89 
removing  Sr   from  water.  Volclay  was  better  than  the  other  clays  but 

5000  ppm  Volclay  removed  only  66  per  cent  of  the  activity  upon  centri- 
fuging.  Purifloc  N17,  Kelgin  W,  Jaguar  WPB,  CMC  12H,  and  Nalcolyte  110 
all  gave  good  clarification  when  used  with  5000  ppm  Volclay  as  shown  in 
Table  7.  Permutit  65  was  less  effective  as  a  coagulant  while  activated 
silica  alone  caused  very  high  final  turbidities.  Some  settled  activ- 
ities increased  while  others  decreased  with  decreasing  final  turbidity. 
Centrifuged  activities  showed  little  tendency  to  change.  Activity 
removals  with  kaolinite,  fullers  earth,  and  illite  were  not  raised  to 
practical  levels  by  the  coagulant  aids.  The  effectiveness  of  any 
given  polyelectrolyte  was  dependent  on  the  type  of  clay  and  also  on 
the  order  in  which  the  aid  and  the  clay  were  added  to  the  contaminated 
water. 

All  four  clays  were  found  to  be  of  some  value  as  adsorbents  for 

89 
Sr   with  lime-soda  softening  although  Volclay  was  the  only  one  which 

removed  more  than  93  per  cent  of  the  activity.  Removals  of  activity 
increased  slightly  when  the  settled  softening  sludge  and  clay  were 
mixed  with  5  ppm  Purifloc  N17  and  then  resettled  and  sampled  as  shown 
in  Table  8. 

Tables  9-H  show  that  DIS-106,  Purifloc  N17,  and  Kelgin  W 
slightly  increased  settled  removals  with  lime,  soda  ash,  and  5000  ppm 
Volclay.  Final  turbidities  were  quite  high.  Up  to  99.5  per  cent  of 
the  activity  was  removed  by  centrifuging  samples  containing  165  ppm 
soda  ash  in  excess  of  calculated  requirements. 
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Since  the  well  water  used  for  softening  studies  contained  so 

little  magnesium,  this  element  was  added  as  MgCl2  in  special  tests  to 

89 
determine  its  effect  on  removal  of  Sr  .  With  lime  and  soda  ash 

dosages  equivalent  to  the  water  hardness  plus  the  extra  magnesium, 

activity  removal  was  depressed  slightly.  Added  magnesium  increased 

settled  activity  removals  and  decreased  final  turbidities  where 

5000  ppm  Volclay  was  used  with  the  same  lime  and  soda  ash  dosages. 

All  samples  thus  treated  contained  5  ppm  DIS-106. 

Low  dosages  of  stable  strontium  had  little  effect  on  activity 

removal  when  used  with  theoretical  lime  and  soda  ash  dosages  and  5  ppm 

DIS-106.  Variable  dosages  of  Purifloc  N17  with  theoretical  lime 

dosages,  excess  soda  ash,  Volclay,  and  10  ppm  stable  strontium  raised 

settled  activity  removals  from  93*5  per  cent  to  99.2  per  cent  with 

little  change  in  centrifuged  activity  removals  as  shown  in  Table  12. 

Final  turbidity  was  reduced  from  1200  to  15  with  15  ppm  Nl?.  With 

excess  lime,  equivalent  soda  a3h,  Volclay,  and  10  ppm  stable  strontium, 

5  ppm  Purifloc  Nl?  reduced  turbidity  from  325  to  11  but  had  little 

effect  on  activity  removal  as  shown  in  Table  13. 

In  summary,  neither  coagulation  nor  softening  alone  were  effec- 
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tive  for  removal  of  Sr   from  water.  None  of  the  polyelectrolytes 

significantly  decreased  the  final  activities  with  these  processes 
alone . 

High  dosages  of  Volclay  with  theoretical  lime  dosages  and 
excess  soda  ash  gave  the  only  activity  removals  greater  than  99  per 
cent.  The  polyelectrolytes  were  of  value  here  for  reducing  the  tur- 
bidity and  associated  activity  but  centrifuged  activity  removals  fre- 
quently decreased  with  decreasing  final  turbidity.  The  dosage  of  aid 
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must  reflect  a  balance  between  formation  of  floe  large  enough  to  settle 
but  still  small  enough  to  have  a  large  area  for  adsorption.  There  is 
a  conflict  in  polyelectrolyte  requirements  between  the  porous  clays, 
which  may  take  up  relatively  large  amounts  of  aid,  and  the  crystalline 
sludge  particles  which  need  very  little.  Fractionation  of  the  solids 
may  thus  occur  upon  coagulation  leaving  fine  turbidity  in  suspension. 

Removal  of  Pm  7 

Promethium  is  one  of  the  rare-earth  or  lanthanide  elements. 
Their  characteristics  and  most  stable  oxidation  state  is  +3.     The  ions 
have  a  strong  affinity  for  cation  exchange  materials  and  this  property 

is  used  in  their  separation. 

I/4.7  . 

Pm    has  a  half  life  of  2.6  years  (73)  and  decays  by  P 

emission.  Promethium  has  not  been  found  in  nature  but  is  a  product  of 
uranium  fission. 

Unlike  cesium  and  strontium,  promethium  is  effectively  removed 
from  water  by  coagulation.  Figure  12  shows  ferric  sulfate  to  be  more 
effective  than  alum,  removing  99.1  per  cent  of  the  activity  in  a 
dosage  of  fcO  ppm.  Settled  and  centrifuged  activity  removals  without 
any  coagulant  were  36  per  cent  and  7?  per  cent  respectively,  indica- 
ting that  the  activity  was  either  in  a  precipitated  state  or  was 
associated  with  the  5  ppm  kaolinite  in  the  tap  water. 

Sulfuric  acid  and  sodium  hydroxide  (0.5N)  were  used  with  the 
optimum  alum  and  ferric  sulfate  dosages  to  determine  the  pH  of  best 
activity  reduction.  As  shown  in  Figure  13,  removals  were  highest  near 
pH  7  but  were  relatively  constant  above  this  value. 
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Table  14  shows  the  effects  of  seven  coagulant  aids  on  removal 
of  Pro    with  60  ppm  alum  or  36  ppm  ferric  sulfate.  With  alum,  low 
dosages  of  Nalcolyte  110,  Kelgin  W,  and  Permutit  65  gave  small 
increases  in  centrifuged  activity  removals.  Settled  removals  were 
somewhat  erratic  and  did  not  necessarily  parallel  centrifuged  removals. 
CMC  12H  and  activated  silica  decreased  centrifuged  removals  but 
increased  settled  removals.  With  ferric  sulfate,  Purifloc  N17  and 
CMC  12H  increased  centrifuged  activity  removals  slightly.  Dosages  of 
some  coagulant  aids  for  good  coagulation  were  quite  critical  and  floe 
size  was  not  a  good  indication  of  activity  removal  to  be  expected.  The 
order  in  which  the  aid  and  coagulant  were  added  was  also  a  factor  in 
decontamination . 

Table  15  shows  all  clays  to  be  very  effective  in  adsorbing 
147 
Pm    from  water.  Figure  14  shows  activity  removed  by  centrifuging 

clay  dosed  waters.  Purifloc  N17,  Kelgin  W,  and  activated  silica 
slightly  reduced  activity  removals  when  used  with  500  ppm  clay  and 
ferric  sulfate  or  alum.  Purifloc  N17  and  Jaguar  WPB  both  increased 
floe  size  with  clay  but  activity  removals  were  greatly  reduced. 
Settled  activity  removals  with  fullers  earth  and  ferric  sulfate 
remained  essentially  constant  and  centrifuged  removals  increased  from 
99.7  per  cent  to  99.8  per  cent  as  initial  activities  were  increased 
from  3100  cpm/ml  to  33,000  cpra/ml. 

In  softening  tests  with  variable  amounts  of  lime  and  soda  ash, 
as  shown  in  Table  16,  theoretical  dosages  of  both  reagents  gave  the 
best  settled  activity  removal  (95.4  per  cent)  while  the  theoretical 
lime  dosage  with  excess  soda  ash  gave  the  best  centrifuged  removal 
(99.7  per  cent).  Figure  15  shows  removal  of  Pm147  from  well  water 
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with  k6   ppm  soda  ash  and  variable  dosages  of  lime. 

Nine  coagulant  aids  were  used  in  softening  the  hard  well  water 
with  theoretical  dosages  of  lime  and  soda  ash  as  shown  in  Table  17. 
Activated  silica,  shown  in  Figure  16,  was  the  only  aid  which  satisfac- 
torily reduced  the  turbidity  and  increased  settled  activity  removals. 
Daily  variations  were  noted  in  turbidities  and  settled  removals  where 
aids  were  not  used  but  centrifuged  removals  all  exceeded  97  per  cent. 

Table  18  shows  that  increasing  dosages  of  Purifloc  Nl?  and 
Jaguar  WPB  produced  minimums  in  turbidities  with  lime,  soda  ash,  and 
clay  but  steadily  reduced  activity  removals.  Where  two  different 
types  of  solid  surface  exist,  one  is  likely  to  become  saturated  with 
polyelectrolyte  before  the  other.  Increasing  dosages  of  coagulant  aid 
may  then  be  dispersing  one  solid  while  it  is  coagulating  the  other. 

Figure  17  shows  the  reduction  of  activity  in  solution  by  Hard- 
wood Retort  Carbon.  This  material  was  not  as  effective  as  an  equal 
weight  of  clay.  Purifloc  N17  flocculated  carbon  but  did  not  predict- 
ably affect  activities,  while  increasing  dosages  of  Kelgin  V  caused 
activity  removals  to  decrease  with  250  ppm  fullers  earth  and  250  ppm 
carbon. 

In  summary,  coagulation  with  alum  and  ferric  sulfate  or  soften- 
ing with  theoretical  dosages  of  lime  and  soda  ash  remove  95-99  per 

1A7 
cent  of  Pm    activity.  Clay  is  useful  for  making  high  removals  con- 
sistent and  extends  the  range  as  high  as  99.7  per  cent.  Although  small 
dosages  of  some  polyelectrolytes  may  decrease  residual  activity, 
accurate  control  of  decontamination  would  be  difficult  since  neither 
floe  size  nor  final  turbidity  is  indicative  of  activity  removed. 
Activated  silica  was  useful  with  lime  and  soda  ash  alone  for  both 
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decontamination  and  turbidity  reduction. 


131 

Removal  of  I  J 


Iodine  is  one  of  the  halogens  and  is  located  in  Group  VII  of 
the  Periodic  System.  Iodide  ion  is  easily  oxidized  to  the  free 
element  by  chlorine  or  hypochlorite  and  may  be  further  oxidized  to  the 
iodate  or  periodate  in  alkaline  solution.  Most  of  the  iodides  are 
quite  soluble  in  water. 

I131  with  a  half  life  of  8.08  days  (73)  decays  by  both  fi 
and  »  emission  with  a  wide  range  of  energies.  Because  of  the  vola- 
tility of  iodine  at  high  temperature,  it  was  necessary  to  dry  all 
planchets  with  this  isotope  in  air  without  the  application  of  heat. 

Coagulation  with  alum  and  ferric  sulfate  generally  removed  less 
than  10  per  cent  of  the  I  *  present.  Aqua  Nuchar  A  and  C-190-N 
removed  up  to  59  per  cent  of  I  ^  but  dosages  as  high  as  5000  ppm  were 
required  as  shown  in  Figure  18. 

Figure  19  shows  the  improvement  in  activity  removal  by  use  of 
small  dosages  of  chlorine  (0.05  -  0.10  ppm)  with  alum  and  ferric  sul- 
fate. The  chlorine  dosage  for  optimum  removal  was  quite  critical  and 
the  maximum  efficiency  was  still  only  about  30  per  cent.  Similar 
results  were  obtained  using  chlorine  with  lime  and  soda  ash  or  with 
100  ppm  fullers  earth. 

Figure  20  shows  the  effect  of  small  dosages  of  chlorine  on 
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removal  of  I    with  C-190-N.  Over  80  per  cent  activity  was  removed 

by  centrifuging  with  a  chlorine  dosage  of  0.1  ppm.  Figure  21  shows 

the  effect  of  the  order  in  which  the  chlorine  and  the  activated  carbon 
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are  added  to  the  water  to  be  treated.  When  the  carbon  is  added  first, 
the  peak  removals  are  not  obtained.  Raising  the  carbon  dosage  from 
100  ppm  to  1000  ppm  did  not  increase  the  per  cent  activity  removed  as 
shown  in  Figure  22.  Using  a  fixed  chlorine  dosage  of  0.1  ppm,  activity 
removal  with  Aqua  Nuchar  A  began  to  level  off  at  a  carbon  dosage  of 
50  ppm  as  shown  in  Figure  23. 

Varying  the  pH  between  6.8  and  10.2  with  sulfuric  acid  or 
sodium  hydroxide  had  little  effect  on  activity  removal  with  0.1  ppm 
chlorine  and  100  ppm  Aqua  Nuchar  A.  Alum  and  ferric  sulfate  generally 
aided  in  coagulation  of  carbon  and  increased  settled  removals  but 
slightly  decreased  centrifuged  removals  as  shown  in  Table  19.  Activity 
removals  with  chlorine,  carbon,  lime,  and  soda  ash,  shown  in  Figure  24, 
were  lower  than  those  with  chlorine  and  carbon  alone  or  with  ohlorine, 
carbon,  and  coagulants. 

Figure  25  shows  that  the  per  cent  of  I131  removed  with  chlorine 
and  Aqua  Nuchar  A  tended  to  increase  with  increasing  activity.  Stable 
iodide  in  dosages  greater  than  0.05  ppm  inhibited  removal  of  I131  with 
fixed  dosages  of  chlorine  and  Aqua  Nuchar  A  as  shown  in  Figure  26. 

Table  20  shows  that  the  coagulant  aids  used  with  chlorine  and 
Aqua  Nuchar  A  inhibited  settled  activity  removals  but  left  centrifuged 
removals  practically  unchanged.  Activated  silica  with  alum  was  of 
value  in  removing  the  carbon  and  activity  by  settling  but  centrifuged 
removals  decreased. 

In  sunmary,  the  only  effective  method  found  for  removing  I131 
with  materials  generally  available  in  water  treatment  plants  involved 
chlorination  followed  by  adsorption  of  liberated  iodine  on  activated 
carbon.  The  optimum  chlorine  dosages  were  quite  small  and  had  to  be 
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selected  by  effects  on  activity  removal  alone  since  residuals  were  too 
small  to  be  detected.  Chlorine  requirements  should  also  depend  on 
other  oxidizable  materials  in  the  water. 

Normal  prechlorination  could  not  be  used  with  iodine  removal 
because  the  residuals  would  generally  exceed  the  critical  dosages  for 
activity  removal.  Gainesville  tap  water  could  not  be  used  for  removal 
tests  because  of  its  chlorine  content. 

Alum  and  ferric  sulfate  with  low  dosages  of  aids  may  be  used  to 
coagulate  the  carbon.  Lime  and  soda  ash  or  polyelectrolytes  alone 
appear  to  inhibit  removal  of  activity. 

Although  C-190-N  gave  slightly  higher  removals  than  Aqua 
Nuchar  A,  the  latter  was  preferred  since  it  flocculated  better  and  did 
not  float  on  the  surface.  The  clays  alone  were  very  poor  decontaminants , 

Removal  of  Uranium 

Uranium  is  one  of  the  actinide  elements  and  is  widely  distribu- 
ted in  the  earth's  crust.  The  primary  isotope  in  natural  uranium  is 
IT-*  with  small  amount  of  IT-"  and  IT™.  Uranium  initially  decays  by  oC 
and  Remission  starting  a  long  disintegration  series  which  finally  ends 
with  stable  lead.  Radium  which  is  included  in  this  series  is  one  of 
the  most  dangerous  isotopes  when  ingested. 

IT3  has  a  half  life  of  4.51  x  109  years  (74),  therefore  rela- 
tively large  amounts  are  required  to  give  high  count  rates  unless  the 
working  solutions  are  concentrated.  Uranium  forms  insoluble  salts  with 
the  alkali  and  alkaline  earth  metals  indicating  that  lime-soda  soften- 
ing would  possibly  be  an  effective  method  for  its  removal.  Removal  of 
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uranium  was  studied  at  two  activity  levels;  in  concentrated  solutions 
containing  approximately  three  grams  of  uranyl  nitrate  hexahydrate  per 
liter,  and  in  dilute  solutions  containing  approximately  30  mg  of 
uranyl  nitrate  hexahydrate  per  liter.  With  the  concentrated  solutions, 
1  ml  samples  were  counted  as  with  the  other  isotopes,  while  50  ml 
settled  samples  only  were  concentrated  and  counted  for  the  dilute 
solution. 

The  addition  of  both  excess  lime  and  caustic  soda  to  a  concen- 
trated uranium  solution  reduced  the  count  rate  to  background  with 
1.00  ml  samples  as  shown  in  Figure  27.  This  is  presumably  due  to  pre- 
cipitation of  the  insoluble  uranates.  For  best  results,  the  final  pH 
should  be  greater  than  11.0.  The  addition  of  sodium  carbonate  to  a 
concentrated  uranium  solution  caused  a  precipitate  to  form  but  this 
dissolved  with  excess  soda  ash  because  of  complex  formation. 

Alum  and  ferric  sulfate  with  reduced  lime  dosages  increased 
activity  removal  by  settling  as  shown  in  Tables  21  and  22 .  Volclay 
had  no  apparent  effect  on  precipitation  of  uranium  from  concentrated 
solutions  with  lime. 

In  the  dilute  solutions,  the  normal  alkalinity  of  the  water 
precipitated  much  of  the  uranium.  Alum  and  ferric  sulfate  coagulated 
the  fine  suspension  and  removed  70-75  per  cent  of  the  activity.  A 
dosage  of  500  ppm  kaolinite  increased  activity  removal  with  alum  by 
about  5  per  cent  and  gave  more  consistent  results  with  ferric  sulfate 
as  shown  in  Figure  28.  Figure  29  shows  the  effect  of  variable  dosages 
of  lime  for  precipitation  of  uranium  from  dilute  solutions.  Almost 
88  per  cent  of  the  activity  was  removed  with  500  ppm  kaolinite  and 
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250  ppm  lime  at  pH  10.9. 

None  of  the  group  of  eight  coagulant  aids  was  of  value  for 
increasing  activity  removal  with  30  ppm  alum  or  with  500  ppm  kaolinite 
and  30  ppm  alum  as  shown  in  Table  23.  No  significant  improvement  was 
noted  when  the  same  coagulant  aids  were  used  with  25  ppm  ferric  sulfate 
or  with  500  ppm  kaolinite  and  25  ppm  ferric  sulfate  as  shown  in 
Table  24.  Table  25  shows  that  the  coagulant  aids  generally  increased 
turbidity  or  decreased  activity  removal  with  lime  and  soda  ash  used 
alone  or  in  conjunction  with  500  ppm  kaolinite.  Exceptions  were 
Kelgin  W  and  activated  silica,  shown  in  Figures  30  and  31  respectively, 
both  of  which  gave  excellent  turbidity  reduction  and  some  increase  in 
activity  removal. 

In  summary,  uranium  concentrations  may  be  reduced  well  below 
the  MPC  by  precipitation  of  the  uranates  with  lime  or  caustic  soda. 
In  concentrated  solutions,  the  uranium  forms  a  heavy  floe  which  settles 
readily. 

In  dilute  solutions,  alum  and  ferric  sulfate  were  necessary  to 
coagulate  the  uranium.  The  polyelectrolytes  did  not  increase  activity 
removal  by  coagulation  but  Kelgin  W  and  activated  silica  aided  in 
removal  of  activity  with  lime  and  soda  ash. 


VI .  CONCLUSIONS 

The  effects  of  eleven  polyelectrolyte  coagulant  aids  on  the 
removal  of  turbidity  and  activity  are  summarized  in  Tables  26  and  27 
respectively.  These  tables  are  subdivided  into  groups  corresponding 
to  the  basic  removal  processes  employed  and  polyelectrolytes  are  rated 
on  arbitrary  scales  designed  to  separate  them  according  to  their 
relative  efficiencies  in  each  process. 

The  coagulant  aids  are  primarily  of  value  in  removing  from 
water  clay  or  other  solids  with  which  the  activity  might  be  associated. 
Improvements  in  removal  of  soluble  activity  with  the  aids  are  generally 
small  and  will  not  yield  a  safe  drinking  water  with  conventional  water 
treatment  processes  unless  initial  activities  are  relatively  low.  The 
polyelectrolytes  should  give  much  greater  benefits  with  actual  fallout 
products  which  contain  most  of  the  activity  in  an  insoluble  form. 

No  coagulant  aid  was  found  which  would  be  satisfactory  for  all 
removal  processes.  The  type  and  dosage  of  coagulant  or  added  turbidity 
are  predominant  factors  in  the  selection  of  an  aid.  Dosages  of  many 
of  the  polyelectrolytes  are  quite  critical  and  excessive  amounts  will 
generally  interfere  with  coagulation  rather  than  aid  it.  Their  effec- 
tiveness varies  with  the  different  radioisotopes. 

For  removal  of  the  soluble  activity  which  depends  on  adsorption 
by  a  solid,  the  minimum  dosage  of  a  coagulant  aid  that  forms  a  floe 
which  will  settle  during  the  available  retention  time  should  be  used. 
Higher  dosages  will  decrease  the  surface  area  of  the  solid,  and 
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consequently,  decrease  the  adsorption  of  activity.  Some  of  the  aids 
which  give  the  best  turbidity  reduction  thus  increase  the  activity 
remaining  in  solution. 

For  removal  of  specific  radioisotopes  from  water,  the  following 
basic  procedures  are  recommended.  Those  polyelectrolytes  rated  nA"  in 
the  tables  for  the  given  process  should  be  tried  to  see  which  is  best 
under  local  conditions. 

1.  Cesium.  Illite  or  fullers  earth  with  lime  and  soda  ash 
dosages  equivalent  to  the  water  hardness  are  most  effective  for 
removal  of  cesium. 

2 .  Strontium.  Volclay  with  theoretical  lime  dosages  for 
softening  and  excess  soda  ash  are  best  for  removal  of  strontium. 

3.  Promethium.  Good  removals  of  promethium  are  obtained  with 
both  alum  and  ferric  sulfate  coagulation  and  with  lime-soda 
softening.  Any  of  the  clays  are  useful  for  broadening  the 
range  of  dosages  giving  good  coagulation,  and  also  appear  to 
adsorb  some  of  the  promethium. 

4.  Iodine.  Small  dosages  of  chlorine  followed  by  adsorption  of 
liberated  iodine  with  activated  carbon  have  proved  to  be  useful 
for  removal  of  I1-?1  from  water. 

5.  Uranium.  Uranium  is  conveniently  removed  from  water  by 
precipitation  with  lime.  Alum  or  ferric  sulfate  may  be  used  to 
coagulate  the  suspension. 

In  an  emergency  situation,  the  best  modified  conventional  process 
for  water  treatment  would  appear  to  be  lime-soda  softening  in  conjunc- 
tion with  clay  treatment.  Naturally  occurring  soft  waters  should  be 
treated  with  enough  lime  to  bring  the  pH  within  the  range  of  10-11  and 
enough  soda  ash  to  precipitate  the  added  calcium.  Polyelectrolytes 
may  be  used  to  reduce  the  turbidity.  However,  the  clay  and  softening 
sludge  should  be  allowed  to  contact  the  water  as  long  as  possible 
before  the  coagulant  aid  is  added.  Series  operation  of  treatment  units 
may  be  advantageous  since  the  polymers  should  be  thoroughly  mixed  with 
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the  water.  Because  of  the  many  radioisotopes  present  in  fallout  and 
the  different  types  of  local  clay  which  might  be  used,  no  specific 
polyelectrolyte  can  be  recommended.  The  tables  may  be  consulted  to 
find  those  materials  most  likely  to  work  in  a  given  situation.  In  any 
case,  jar  tests  should  be  used  beforehand  to  determine  the  optimum 
dosage  of  polyelectrolyte  needed  to  reach  the  minimum  residual  turbidity 
in  the  water. 


APPENDICES 


m 

APPENDIX  I 

Abbreviations  Used  in  Tables  and  Figures 

Xo 

Initial  Activity  (cpm/ml) 

S 

Activity  Removed  by  Settling 

C 

Activity  Removed  by  Centrifuging 

Clays 

K 

Kaolinite 

FE 

Fullers  Earth 

V 

Volclay 

I 

Illite 
Coagulant  Aids 

106 

DIS-106 

N17 

Purifloc  N17 

110 

Nalcolyte  110 

V 

Kelgin  w 

12H 

CMC  12H 

CM 

Ceron  CN 

WPB 

Jaguar  WPB 

65 

Permutit  65 

"SiOj 

,"   Activated  Silica 

78 

Burtonite  #78 

D 

Drewfloc 
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TABLE  3 

f   Cs1^  , 
BY  VARIABLE  DOSAGES  OF  CLAY 


SORPTION  OF  Cs137  FROM  TAP  WATER 


I 
cpm/ml 

PH 

Per 

Cent 

Activity 

Removed 

by  Settling 

Clay 

0 

50 

ppm 
200 

Clay 
500 

1000 

5000 

K 

zm 

8.8-7.9 

0 

0 

19.4 

16 .3 

39.2 

73.7 

FE 

3047 

8.6-8.4 

9.0 

32.9 

60.9 

77.1 

86.0 

61.0 

V 

3047 

8.6-9.2 

7.9 

15.6 

19.5 

28.9 

36.8 

65.9 

I 

2844 

8.8-6.9 

29.2 

3^.9 

52.5 

57.1 

58.6 

78.0 

I 

3047 

8.6-6.8 

21.2 

27.2 

51.9 

57.9 

63.4 

81.5 
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TABLE  4 

THE  EFFECT  OF  pH  ON  SORPTION  OF  Cs1-37  FROM 
TAP  WATER  BY  KAOLINITE  AND  VOLCLAY 


PH 

I 
cpra/ml 

Per  Cent 

Activity  Removed 

Clay 

Settled 

Centrifuged 

5.8 

3416 

83.4 

85.9 

7.0 

3416 

81.7 

86.5 

5000  ppra 

7.5 

3416 

79.1 

85.6 

Kaolinite 

8.1 

3416 

83.O 

86.1 

9.0 

3416 

83.5 

87.8 

9.8 

3416 

88.6 

91.3 

6.2 

2957 

52.2 

78.4 

7.0 

2957 

56.1 

8I.5 

5000  ppm 

7.9 

2957 

62.0 

82.1 

Volclay 

8.5 

2957 

60.8 

84.5 

9.3 

2957 

66.6 

85.O 

10.1 

2957 

69.0 

85.6 
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TABLE  5 

THE  EFFECT  OF  VARIABLE  DOSAGES  OF  LIME  ON  REMOVAL 
OF  Cs^?  FROM  TAP  WATER  WITH  1000  ppm  ILLITE 
AND  25  ppm  FERRIC  SULFATE 


ppm 

PH 

Settled 
Turbidity 

Per  Cent 

Activity  Removed 

Lime 

Settled 

Centrifuged 

0 

6.8 

20 

91.8 

92.1 

5 

7.1 

lk 

92.7 

93.5 

8.5 

7.2 

13 

90.3 

92.7 

34 

7.8 

22 

92.1 

94.2 

20 

8.5 

17 

95.5 

94  A 

35 

9.3 

15 

96.2 

95. * 

50 

9.5 

11 

95.6 

96.8 

80 

10.1 

9 

97.1 

97.9 
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REMOVAL  OF  Sr  '  FROM  WELL  WATER  WITH  188  ppm  LIME, 
35  PP»  SODA  ASH,  AND  DIS-106 


ppm 
106 

I 
cpm/ml 

PH 

Per  Cent 
Settled 

Activity  Removed 
Centrifuged 

0 

653 

10.1 

77.3 

83.O 

0.1 

653 

10.1 

81.2 

81.1 

0.3 

653 

10.2 

81.7 

8^.3 

0.5 

653 

10.2 

78.9 

82.3 

1 

653 

10.2 

81.0 

81.7 

5 

653 

10.1 

79.8 

82.1 
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TABLE  8 

REMOVAL  OF  Sr89  FROM  WELL  WATER  WITH  LIME, 

SODA  ASH,  i 

MID  VARIABLE  DOSAGES 

OF  CLAYS 

ppm 
Clay 

ppm 
Lime 

ppm 

Soda 

Ash 

I 
cpm/ml      pH 

Per 

Cent  Activity  Removed 

No  Aic 
S    C 

5  ppm  N17* 
3     C 

KAOLINITE 

0 

188 

35 

1466      9.7 

79.1 

81.9 

76.8 

82.3 

100 

188 

35 

1466      9.7 

81.9 

80. 5 

79.3 

82.2 

500 

188 

35 

1466      9.7 

81.0 

80.5 

8O.5 

80.0 

1000 

188 

35 

1466      9.7 

78.7 

82.9 

81.1 

82.8 

2500 

188 

35 

1466     9.6 

82.8 

83.5 

85.6 

84.5 

5000 

138 

35 

1466     9.2 

81.7 

85.4 

86.3 

87.2 

FULLERS  EARTH 

0 

188 

35 

1466      9.8 

81 .3 

83.8 

78.4 

83.O 

100 

188 

35 

1466     9.6 

80.2 

85.6 

81.6 

83.7 

500 

188 

35 

1466      9.6 

85.I 

86.6 

84.0 

35.7 

1000 

188 

35 

1466     9.5 

85.4 

85.9 

86.2 

85.2 

2500 

188 

35 

1466      9.2 

88.3 

89.3 

89.6 

89.7 

5000 

188 

35 

1466      8.8 

91.6 

92.5 

91.8 

92.4 
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TABLE  8  -  CONTINUED 

ppm 

Per  Cent  Activity  Removed 

ppm 
Clay 

ppm 

Lime 

Soda 
Ash 

I 
cpm/ml               pH 

No  Aid            5  pm  N17* 

S          C             3 

C 

ILLITE 

0 

202 

45 

1377            10  .4 

77.7    78.6    79.0 

81.6 

100 

202 

45 

1377                10.3 

79.8    80.1    81.9 

81.1 

500 

202 

45 

1377                10.2 

83.5    84.7    84.5 

83.8 

1000 

202 

45 

1377             10.1 

84.6    87.2     87.3 

89.9 

2500 

202 

45 

1377              9.6 

89.2     89.8    90.3 

89.6 

5000 

202 

45 

1377                 8.7 

90.0    90.9    91.0 

91.0 

VOLCLAY 

0 

202 

45 

1377               10.3 

80.8    82.3    81.6 

83.5 

100 

202 

45 

1377                10.2 

83.9    86.2    85.6 

85.0 

500 

202 

45 

1377                10.2 

89.0    90.7    91.0 

90.5 

1000 

202 

45 

1377                10.3 

90.7    94.8    95.0 

95.4 

2500 

202 

45 

1377                10.4 

91.5    97.8    97.5 

98.4 

5000 

202 

45 

1377                10.4 

94.0    98.4    97.5 

98.6 

♦After  the  normal  mixing  and  settling 
taken  and  5  ppm  HI?  was  added  to  each 
mix,  10  min.  slow  mix,  and  20  min.  se 

periods,   samples  were 
1  jar  with  3  min.  rapid 
ttling  before  resampling. 
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REMOVAL  OF  Sr  7  FROM  WELL  WATER  WITH  5000  ppm  VOLCLAT 
AND  VARIABLE  DOSAGES  OF  LIME,   SODA  ASH,  AND  DIS-106 


ppm 

ppm 
Lime 

ppm 
Soda 

Ash 

I 
cpm/ml 

PH 

Per  Cent 

Activity  Removed 

106 

Settled 

Centrifuged 

0 

117 

0 

1856 

9.2 

91.8 

94.9 

0.5 

117 

0 

1856 

9.2 

94.0 

96.1 

5 

117 

0 

1856 

9.2 

95.0 

96.2 

20 

117 

0 

1856 

9.2 

95.1 

95.6 

0 

188 

35 

1856 

10.3 

92.9 

98.3 

0.5 

188 

35 

1656 

10.3 

96.2 

98.4 

5 

188 

35 

1856 

10.3 

96.3 

98.6 

20 

188 

35 

1856 

10.3 

96.8 

98.6 

0 

188 

200 

1856 

10.6 

93.6 

99.3 

0.5 

188 

200 

1856 

10.6 

98.2 

99.4 

5 

188 

200 

1856 

10.6 

98.5 

99.4 

20 

188 

200 

1856 

10.6 

98.7 

99.5 
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TABLE  10 
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REMOVAL  OF  Sr 7   FROM  WELL  WATER  WITH  5000  ppm  VOLCLAY, 
202  ppm  LIME,  45  ppm  SODA  ASH,  AND  VARIABLE  DOSAGES  OF  N17 


ppm 

Order  of 
Addition 

I 
cpm/ml 

PH 

Final 
Turbidity 

Per  Cent  Activity 

Removed 

N17 

Settled 

Centrifuged 

0 

1150 

10.5 

1200 

93.4 

98.6 

1 

Aid  first 

1150 

10.3 

950 

94.0 

98.2 

2 

Aid  first 

1150 

10.3 

750 

95.6 

98.7 

5 

Aid  first 

1150 

10.3 

200 

98.0 

99.0 

1 

Aid  last 

1150 

10.4 

1000 

94.8 

97.6 

2 

Aid  last 

1150 

10.3 

800 

96.0 

99.0 

5 

Aid  last 

1150 

10.5 

500 

96.9 

m 
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REMOVAL  OF  Sr  7  FROM  WELL  WATER  WITH  5000  ppm  VOLCLAY, 
202  ppm  LIME,  45  ppm  SODA  ASH,  AND  VARIABLE  DOSAGES  OF  W 


Order  of    I  Final 

W  Addition  cpm^ml  pH    Turbidity 


0  1150  10.5  1200 

1  Aid  first  II50  10 .3  1200 

2  Aid  first  II50  10.6  1200 
5  Aid  first  1150  10.6  1200 

1  Aid  last  1150  10.4  1200 

2  Aid  last  II50  10.4  1200 
5  Aid  last  II50  10. 5  1200 


Per  Cent  Activity  Removed 


Settled 


94.4 
95.6 
93.8 
97.6 

93.5 
94.0 
92.0 


Centrifuged 


98.0 
97.4 
98.0 
97.1 
97.1 
98.0 

96.9 
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TABLE  15 

*7  FROM  WE 
VARIABLE  DOSAGES  OF  CLAYS 


REMOVAL  OF  Pm1**-7  FROM  WELL  WATER  WITH 


Per  Cent  Activity  Removed 

ppm 

Kaolinite 

Fullers  Earth 

Illite 

Vol 

Clay 

S 

c 

S 

C 

S 

C 

5 

'<*/ 

0 

60.1 

93.7 

55.1 

94.1 

56.7 

95.7 

3^.4 

94.7 

50 

66.1 

88.2 

60.7 

85.2 

70.2 

89.6 

74.8 

92.5 

200 

77.1 

91.1 

80.0 

94.8 

83-3 

94.7 

82.7 

92.6 

500 

93.1 

96.4 

94.6 

97.8 

91.5 

96.7 

90.8 

91.8 

1000 

94.6 

98.5 

95.9 

98.9 

94.5 

97.8 

94.1 

96.0 

5000 

98.4 

99.5 

98.7 

99.7 

97.3 

99.5 

99.0 

99.7 
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TABLE  16 

TCOM  WELL 
DOSAGES  OF  LIME  AND  SODA  ASH 


REMOVAL  OF  Pm     '   FROM  WELL  WATER  WITH  VARIABLE 


ppra 
Lime 

ppm 
Soda 

I 
cpm/ml 

PH 

Per  Cent 

Activity  Removed 

Settled 

Centrifuged 

0 

0 

1861 

7.8 

17.8 

56.0 

202 

0 

1861 

9.4 

92.9 

98.9 

202 

46 

1861 

9.8 

95.^ 

99.5 

101 

46 

1861 

8.6 

88.7 

89.4 

152 

46 

1861 

8.9 

89.8 

99.5 

250 

46 

1861 

10.7 

89.6 

99.5 

302 

46 

1861 

11.1 

76.6 

96.1 

202 

100 

1861 

9.9 

93.7 

99.1 

202 

200 

1861 

IO.3 

92.4 

99.7 

3O2 

18? 

1861 

11.1 

91.7 

99.0 

404 

329 

1861 

11.5 

84.2 

95.8 
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TABLE  19 

REMOVAL  OF  I131  FROM  WELL  WATER  WITH  100  ppm  ACTIVATED  CARBON, 
CHLORINE,  AND  VARIABLE  DOSAGES  OF  ALUM  OR  FERRIC  SULFATE 


ppm 
Alum 

ppm 
Fe2(S04)3 

I 
(cpm/ml) 

Final 
PH 

Per  Cent 

Activity  Removed 

Settled 

Centrifuged 

C-190-N  and  0.10  ppm  Cl2 

0 

0 

1448 

8.2 

61.5 

73-7 

15 

0 

1448 

8.2 

74.2 

73-6 

30 

0 

1448 

8.0 

80.8 

72.4 

0 

10 

1448 

8.1 

55.5 

74.7 

0 

20 

1448 

8.0 

55.1 

70.5 

Aqua  Nucha r  A 

.  and  0.075  ppm  Cl2 

0 

0 

1704 

8.1 

50.7 

71.8 

15 

0 

1704 

8.1 

67.3 

71.7 

30 

0 

1704 

7.9 

65.1 

71.3 

0 

10 

1704 

8.0 

66.4 

70.4 

0 

20 

1704 

7.9 

65.9 

68.3 
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IABLE 21 

COAGULATION  OF  CONCENTRATED  URANIUM  SOLUTION 
WITH  LIME  AND  ALUM 


I        ppm     ppra 


Per  Cent  Activity  Removed 


(cpra/ml)         Alum  Lime  pH  Settled         Centriftiged 

99.1  99.5 

99.3  99.5 

99.1  99.5 

99.5  99.7 

99.3  99.8 

99.5  99.7 


3.96  x  102 

0 

MO 

9.0 

3.96  x  102 

15 

410 

8.8 

3.96  x  102 

30 

410 

8.5 

3.96  x  102 

<+5 

410 

8.4 

3.96  x  102 

60 

410 

8.3 

3.96  x  102 

75 

410 

8.1 

-75  - 


TABLE  22 

COAGULATION  OF  CONCENTRATED  URANIUM  SOLUTION 
WITH  LIME  AND  FERRIC  SULFATE 


Initial 
Activity 
(cpm/ml) 

ppra 
Fe2(S04)3 

ppm 
Lime 

pH 

Per  Cent 

Activity  Removed 

Settled 

Centrifuged 

3.96  x  102 

0 

M.0 

9.2 

99.3 

99.8 

3.96  x  102 

10 

410 

9.0 

99.3 

99.8 

3.96  x  102 

20 

410 

8.8 

99.5 

99.8 

3.96  x  102 

30 

410 

8.6 

99.7 

99.7 

3.96  x  102 

W 

410 

8.3 

99.7 

99.5 

3.96  x  102 

50 

410 

8.0 

99.5 

99.8 

-  76  - 

t 

rABLE  23 

REMOVAL  OF  URANIUM  FROM  WELL  WATER  WITH  30  ppn 
KAOLINITE,  AND  COAGULANT  AIDS 

i  ALUM, 

Aids 

Kaolinite 

I 
cpm/ml 

Per  Cent  Activity  Removed 

0 

Dosages  of 
0.05   0.1 

Aids  (ppm) 
0.5   1 

5 

N17 

2.86 

73 

75 

75 

73 

72 

68 

N17 

500  ppm 

2.86 

75 

73 

73 

73 

71 

71 

110 

2.76 

67 

72 

75 

72 

77 

77 

110 

500  ppm 

2.76 

75 

75 

76 

75 

77 

75 

w 

2.16 

6i> 

72 

66 

67 

67 

6k 

w 

500  ppm 

2.16 

66 

65 

66 

65 

69 

66 

CN 

2.38 

66 

67 

66 

65 

• 

m 

CN 

500  ppm 

2.38 

65 

67 

65 

67 

66 

67 

WPB 

2.72 

- 

70 

68 

70 

68 

70 

WPB 

500  ppm 

2.72 

75 

73 

7k 

7k 

77 

71 

12H 

2.72 

68 

65 

65 

65 

65 

65 

12H 

500  ppm 

2.72 

71 

71 

70 

72 

65 

67 

65 

2.22 

61 

62 

67 

62 

6k 

66 

65 

500  ppm 

2.22 

6k 

57 

62 

6k 

61 

66 
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TABLE  23  -  CONTINUED 


I 
cpm/ml 

Per  Cent 

Activity 

Removed 

Aids   Kaolinite 

0 

Dosages  of  Aids 

0.5   1.0   5.C 

(ppm) 
1    10 

15 

"Si02" 

"SiCy  500  ppm 

2.18 
2.18 

56 
56 

58 

IB 

58 
59 

58 
55 

58 
59 

55 
56 

-  78  - 

TABLE  24 

REMOVAL  OF  URANIUM  FROM  WELL  WATER 
SULFATE,  KAOLINITE,  AND 

WITH  25  ppn  FERRIC 
COAGULANT  AIDS 

Aids 

Clay 

I 
cpm/ml 

Per  Cent  Activity  R 

emoved 

ppm) 

1 

0 

Dosages  of  Aids  ( 

0.05   0.1  0.5 

N17 

3-38 

74 

73 

76 

66 

67 

67 

N17 

500  ppm 

3.38 

76 

76 

73 

67 

70 

68 

110 

3.22 

73 

73 

75 

75 

76 

70 

110 

500  ppm 

3.22 

74 

75 

74 

76 

73 

73 

W 

3.38 

74 

74 

73 

76 

71 

71 

w 

500  ppm 

3.38 

74 

75 

74 

73 

74 

73 

CN 

2.52 

63 

59 

60 

60 

62 

64 

CN 

500  ppm 

2.52 

63 

60 

58 

55 

61 

58 

WPB 

3. 16 

71 

71 

72 

72 

71 

. 

WPB 

500  ppm 

3.16 

- 

72 

73 

73 

75 

75 

32H 

3.22 

76 

74 

73 

72 

74 

73 

12H 

500  ppm 

3.22 

72 

71 

76 

76 

77 

73 
61 

65 

2.44 

65 

63 

63 

64 

62 

65 

500  ppm 

2.44 

65 

69 

68 

70 

68 

62 
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TABLE  24  -  CONTINUED 


Clay 

I 
cpm/ral 

Per  Cent 

Activity 

Removed 

Aids 

0 

Dosages 
0.5 

1  of  Aids 
1     5 

(ppm) 
10 

15 

"Si02" 
"Si02" 

500  ppm 

2.18 
2.18 

60 
59 

56 
66 

59 
59 

55 
59 

51 
59 

55 

5b 

.  1 

30  - 

TABIi 

1  25 

REMOVAL  OF  URANIUM  FROM  'WELL  WATER  WITH  202  ppm  LIME, 
46  ppra  SODA  ASH,  KAOLINITE,  AND  COAGULANT  AIDS 

Aids 

Clay 

I 
cpm/ml 

Per  Cent  Activity  Removed 

0 

Dosages  of 
0.05         0.1 

Aids  (ppm) 
0.5             1 

5 

N17 

3-76 

73(73) 

72(74) 

69(80) 

64(66) 

61(71) 

58(6?) 

N17 

500  ppm 

3.76 

86(68) 

81(80) 

77(73) 

66(51) 

62(53) 

63(53) 

110 

2.76 

77(27) 

77(28) 

77(3D 

77(29) 

77(36) 

67(54) 

110 

500  ppm 

2.76 

84(36) 

86(44) 

84(45) 

81(46) 

77(41) 

74(38) 

W 

2.16 

82(29) 

82(27) 

84(26) 

83(13) 

88(2) 

89(0) 

W 

500  ppm 

2.16 

91(38) 

89(29) 

92(26) 

88(29) 

86(18) 

86(3) 

CN 

2.38 

74(41) 

75(38) 

73(40) 

74(42) 

74(47) 

73(64) 

CN 

500  ppm 

2.38 

79(62) 

76(66) 

79(64) 

79(69) 

77(71) 

75(105) 

WPB 

2.72 

59(3D 

58(39) 

59(39) 

52(56) 

51(71) 

45(100) 

WPB 

500  ppm 

2.72 

66(54) 

61(41) 

65(46) 

60(71) 

60(71) 

56(100) 

121 

2.72 

76(51) 

74(69) 

71(74) 

66(92) 

70(108)  63(125) 

12H 

500  ppra 

2.72 

82(73) 

79(92) 

81(100)  76(98) 

75(90) 

69(73) 

65 

2.22 

66(42) 

74(47) 

73(47) 

67(53) 

67(51) 

67(84) 

65 

500  ppm 

2.22 

78(71) 

79(71) 

81(74) 

74(66) 

75(73) 

59(90) 

-  81  - 


TABLE  25  -  CONTINUED 


Per  Cent  Activity  Removed 

I  Dosages  of  Aids  (ppm) 

Aids         Clay  cpra/ml         0  1  5  10  15 


20 


)2"  3.0*    58(18)     50(26)     50(30)     68(0)      75(1)      77(0) 

"Si02"     500  ppm        3.04    67(56)     63(35)     63(26)     65(25)     77(3)      79(2) 


-  ft  - 

TABLE  26 

SUMMARY  OF  TURBIDITY  REDUCTION  WITH 

COAGULANT  AIDS' 

Coagulation  of  Clay- 

Alone 

Aid 

Clay  (ppm) 

A  Turbidity 

Best  Aid  Dosage  (ppm) 

Rating 

11? 

500  K 

31-5 

5 

A 

N17 

500  K 

44-11 

10 

B 

N17 

500  V 

3-1 

0.2 

A 

N17 

500  v 

69-7 

10 

A 

N17 

500  FE 

46-1 

10 

A 

N17 

1000  FE 

39-21 

1 

B 

■1? 

500  I 

225-17 

10 

B 

■17 

1000  I 

700-80 

5 

B 

W 

500  K 

66-13 

1 

B 

w 

500  v 

60-18 

10 

B 

w 

500  FE 

46-1 

1 

A 

w 

500  I 

I8O-I3 

1 

B 

12H 

500  v 

64-3 

1 

A 

WPB 

500  K 

31-5 

5 

A 

WPB 

500  v 

54-3 

10 

A 

65 

500  v 

64-32 

10 

B 

110 

500  v 

78-3 

25 

A 

"SiO; 

,"    500  K 

92-900 

0 

U 

"SlOj 

."    500  v 

78-1500 

0 

U 
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TABLE  26  -  CONTINUED 


Aid    Clay  (ppm) 

A  Turbidity 

Be3t  Aid  Dosage  (ppm)  Rating 

"Si02"   500  FE 
"Si02"   500  I 

53-650 
180-1100 

0           u 
0             U 

Coagulation  of  Added  Clay  with  Ferric  Sulfate  or  Alum 


Aid 

Coagulant 
ppm 

Clay  (ppm) 

A  Turbidity 

Best  Aid 
Dosage  (ppm)  Rating 

110 

10  Fe2(S0,)3 

1000  FE 

1-5 

0 

u 

110 

10  Fe2(S0„)3 

1000  I 

38-1^ 

1 

B 

w 

10  Fe2(S0,)3 

1000  FE 

U* 

0 

U 

w 

10  Fe2(S0,)3 

1000  I 

39-35 

0.5 

C 

WPB 

10  Fe2(S0,)3 

1000  FE 

2-0 

0.5 

A 

WPB 

10  Fe2(S04)3 

1000  I 

31-1^ 

1 

B 

"S102 

■   17  Alum 

1000  FE 

1-0 

0.5 

A 

"Si02 

■   1?  Alum 

1000  I 

11-73 

0 

U 

-  84  - 


TABLE  26  -  CONTINUED 

Coagulation  of  Softening  Sludge  from  Theoretical 
Lime-Soda  Ash  Dosages 


Aid 

A  Turbidity 

Best  Aid  Dosage  (ppm) 

Rating 

106 

26-140 

0 

U 

Nl? 

13-5* 

0 

U 

N17u 

73-66 

0.5 

B 

110 

42-31 

0.5 

B 

110U 

27-54 

0 

U 

w 

26-84 

0 

U 

M* 

29-0 

5 

A 

12H 

26-110 

0 

0 

12HU 

51-125 

0 

u 

CN 

16-14 

0.1 

C 

CNU 

1*1-40 

0.1 

c 

WPB 

24-39 

0 

u 

WPBU 

31-100 

0 

u 

65 

24-22 

0.1 

c 

65u 

42-84 

0 

u 

"Si02" 

27-1 

5 

A 

"Si02" 

18-0 

0.5-5 

A 
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rABLE  26  -  CONTINUED 

Coagulation  of  Softening  Sludge  from  Theoretical 
Lime-Soda  Ash  Dosages  and  Added  Clay- 

Aid 

Clay  (ppra) 

A  Turbidity        Best  Aid  Dosage  (ppm) 

Rating 

106 

1000  FE 

44-14 

0.5 

B 

106 

1000  I 

290-35 

5 

B 

M17 

500  K 

68-47 

0.2 

B 

Nl? 

500  V 

46-10 

0.5 

A 

Nl? 

5000  V 

1200-200 

5 

B 

N17U 

500  K 

68-51 

0.5 

B 

Nl?1 

5000  V 

1200-15 

15 

B 

N172 

5000  V 

325-H 

5 

B 

nou 

500  K 

36-46 

0 

U 

W 

5000  V 

1200-1200 

0 

W* 

500  K 

38-3 

5 

A 

12HU 

500  K 

73-100 

0 

U 

CN 

1000  FE 

40-3 

1 

A 

CN 

1000  I 

240-26 

1 

B 

CNU 

500  K 

62-105 

0 

U 

CN 

500  I  +  500  FE 

87-17 

1 

B 

WPB 

500  K 

36-28 

1 

C 

WPBU 

500  K 

5WH 

0.05 

B 

65u 

500  K 

71-66 

0.5 

C 
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TABLE  26  -  CONTINUED 


Aid 

Clay  (ppm) 

A  Turbidity 

Bes 

st  Aid  Dosage  (ppm) 

Rating 

"SiO," 

1000  FE 

39-^3 

0 

U 

"Si02" 

1000  I 

215-29 

5 

B 

"Sicy,u 

500  K 

56-2 

20 

A 

1  ppra  CN  + 

Variable 

1000  FE 

10-21 

0 

U 

Nl? 

1000  I 

37-31 

0.1 

C 

Ratings 

A  -  C 

loaeulant  ai 

d  improves   cat 

itnil 

at.4,  nn    anH    ferial     +iit»Vy 

(^  f-,r  4.   in 

or  less. 

B  -  Coagulation  is  significantly  improved  but  final  turbidity  is 

greater  than  10. 
C  -  Coagulation  is  slightly  improved  by  one  dosage  of  aid  but  the 

turbidity  difference  is  insignificant. 
U  -  All  dosages  of  aid  result  in  a  higher  final  turbidity. 

A  Turbidity  -  If  the  rating  is  A,  B,  or  C,  the  first  number  is  the 

turbidity  without  any  aid  while  the  last  number  is  the 
lowest  final  turbidity  with  the  best  aid  dosage.  If  the 
rating  is  U,  the  first  number  is  again  the  turbidity 
without  any  aid  while  the  last  number  is  the  highest 
final  turbidity  with  any  dosage  of  aid  used. 

Superscripts 

u  -  These  samples  contained  30  ppra  uranyl  nitrate  hexahydrate. 

1  -  This  sample  contained  155  ppm  excess  soda  ash  and  10  ppm 

stable  strontium. 

2  -  This  sample  contained  100$  excess  lime  with  equivalent  soda 

ash  and  10  ppm  stable  strontium. 
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TABLE  2? 
SUMMARY  OF  ACTIVITY  REMOVAL  WITH  COAGULANT  AIDS 
Coagulation  of  Clay  Alone 


Best  Aid 
Aid    Isotope    Clay  (ppm)   A  Activity    Dosage  (ppra)   Rating 


Ml? 

Cs 

1000  FE 

90.4-93.4  S 

0.1 

B 

N17 

Cs 

1000  I 

69 .4-38.*+  s 

1 

B 

■17 

Sr 

500  V 

64.5-72.0  S 

1 

A 

W 

Sr 

500  V 

65.9-75.7  S 

1 

A 

w 

Sr 

500  V 

67.6-75.7  C 

10 

A 

"Si02" 

Sr 

500  v 

60.1-69.1  S 

5 

A 

Coagulation  with  Ferric  Sulfate  or  Alum 


Coagulant  Best  Aid 

Aid    Isotope     ppm      A  Activity    Dosage  (ppm)    Rating 


36  Fe2(S04)3  93-5-96.3  S 

36  Fe2(S04)3  99.1-99.5  C 

60  Alum  94.2-97.2  S 

60  Alum  98.3-98.7  C 

60  Alum  97.6-98.6  S 

60  Alum  98.6-99.3  C 


Nl? 

Pro 

N17 

Pm 

110 

Pm 

110 

Pm 

w 

Pm 

w 

Pm 

0.2 

A 

1 

A 

5 

A 

0.5-5 

A 

0.5 

A 

1 

A 
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TABLE  2?  -  CONTINUED 


Coagulant  3e3t  Aid 

Aid    Isotope     (ppm)    A  Activity    Dosage  (ppra)    Rating 


WPB 

Pm 

36  Fe2(50,)3 

99.2-99.4  S 

0.5 

A 

WPB 

Pm 

36  Fe2(50,)3 

99.8-99.9  c 

0.5-1 

A 

12H 

Pm 

60  Alum 

92.5-98.3  s 

5 

B 

12H 

Pm 

36  Fe2(S0,)3 

97.0-98.9  C 

1 

B 

65 

Pra 

60  Alum 

95.7-96.8  C 

5 

B 

"Si02" 

Pm 

60  Alum 

90.9-95.1  s 

15 

B 

110 

U 

30  Alum 

67-77  S 

1-5 

- 

w 

U 

30  Alum 

64-72  S 

0.05 

- 

Coagulation  of  Added  Clay  with  Ferric  Sulfate  or  Alum 


Coagulant     Clay  Best  Aid 

Aid   Isotope     (ppm)      (ppm)   A  Activity  Dosage  (ppm)  Rating 


110  Cs  10  Fe2(304)3  1000  I  93.5-94.8  C    0.5  A 

W  Cs  10  Fe2(S04)3  1000  I  95-1-96.6  C    5  B 

WPB  Cs  10  Fe2(504)3  1000  I  91.7-93.4  SI  A 

W  Pm  36  Fe2(S0,)3    500  FE  98.8-99-3  S    0.5  B 

"Si02"  Pm      60  Alum     500  FE  96.3-99.1  S    0.5  B 
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TABLE  27  -  CONTINUED 

Coagulation  of  Softening  Sludge  from  Theoretical 
Lime-Soda  Ash  Dosages 


Aid 

Isotope 

A  Activity 

Be3t  Aid  Dosage  (ppm) 

Rating 

N17 

Sr 

64.0-80.2  S 

1 

B 

W 

Sr 

81.3-85.5  C 

1 

B 

WPB 

Sr 

77.4-82.6  S 

0.2 

A 

65 

Sr 

67-3-79.0  S 

0.5 

A 

65 

Sr 

73.9-83.5  c 

0.5 

A 

651 

Sr 

92.8-94.5  c 

0.5 

B 

106 

Pm 

95.4-98.5  S 

5 

B 

W 

Pm 

97.2-99.5  c 

o.l 

B 

CN 

Pm 

99.6-99.7  c 

0.5 

B 

WPB 

Pm 

98.1-98.6  C 

0.1 

A 

"Si02" 

Pm 

94.9-98.1  S 

5 

B 

"SiOa" 

Pm 

99.3-99.5  c 

1 

A 

w 

U 

82-89  S 

5 

- 

65 

u 

66-74  S 

O.05 

- 

"Si02" 

u 

58-77  S 

5 

- 
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TABLE  27  - 

CONTINUED 

Coagulation  of  Softening  Sludge  from  Theoretical 
Lime-Soda  Ash  Dosages  and  Added  Clay 

Aid 

Isotope 

Clay  (ppm) 

A  Activity 

Best  Aid 
Dosage  (ppm) 

Rating 

106 

Cs 

1000  FE 

92.5-94.7  S 

0.1 

A 

106 

Cs 

1000  I 

83.2-92.9  s 

0.1 

A 

106 

Cs 

1000  I 

96.5-97.9  C 

0.1 

A 

"Si02" 

Cs 

1000  I 

85.6-94.6  s 

5 

B 

CN 

Cs 

1000  FE 

89.6-96.1  S 

1-5 

B 

CN 

Cs 

1000  I 

83  0-95.8  s 

5 

A 

CN 

Cs 

1000  I 

96.0-97.0  c 

1 

A 

CN 

Cs 

500  FE,  500  I 

89.4-95.6  S 

0.5 

A 

1  ppm  CN 
Variable 

+ 

N17 

Cs 

1000  FE 

95.0-96.7  S 

5 

B 

1062 

Sr 

5000  V 

91.8-95.1  S 

20 

A 

1062 

Sr 

5000  V 

94.9-96.2  C 

5 

A 

106 

Sr 

5000  v 

92.9-96.8  S 

20 

A 

1061 

Sr 

5000  v 

93.6-98.7  s 

20 

A 

1061 

Sr 

5000  V 

99.3-99.5  C 

20 

A 

N17 

Sr 

5000  v 

93.4-98.0  S 

5 

A 

Nl? 

Sr 

5000  V 

98.6-99.0  C 

2-5 

A 

N171,3 

Sr 

5000  V 

93-5-99.2  S 

5 

B 
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TABLE  27  -  CONTINUED 


Best  Aid 
Aid     Isotope   Clay  (ppm)   A  Activity   Dosage  (ppra)    Rating 


HIT3** 

Sr 

5000  V 

97.6-98.3  s 

2 

B 

W 

Sr 

5000  V 

94.^-97.6  S 

5 

B 

Nl? 

Pro 

500  V 

96.7-97.5  S 

0.2 

B 

"Si02" 

U 

500  K 

67-79  S 

5 

- 

Ratings 

A  -  Coagulant  aid  reduces  residual  activity  from  the  basic  decon- 
tamination process  by  at  least  20$  in  either  a  settled  or  a 
centrifuged  sample  and  does  not  increase  the  resudual  activity 
in  the  corresponding  centrifuged  or  settled  sample. 

B  -  Coagulant  aid  reduces  residual  activity  from  the  basic  decon- 
tamination process  by  at  least  20$  in  either  a  settled  or  a 
centrifuged  sample  but  increases  the  residual  activity  in  the 
corresponding  centrifuged  or  settled  sample. 

A  Activity 

The  first  number  is  the  per  cent  activity  removed  by  the  basic 
decontamination  process  without  any  aid  while  the  last  number  is  the 
highest  per  cent  activity  removed  with  the  best  aid  dosage.  S  and 
C  denote  settled  and  centrifuged  samples  respectively. 

Superscripts 

1  -  Theoretical  lime  dosage  and  155-165  ppm  excess  soda  ash  used. 

2  -  117  ppm  lime  and  no  soda  ash  used. 

3  -  Contains  10  ppm  stable  Sr. 

^  -  100$  excess  lime  and  equivalent  soda  ash  used. 


APPENDIX  HI 
FIGURES 


-  93  - 

-  •  ~  Kaolinite 

—  O  —  Fullers  Earth 

—  □  —  Vole lay 

—  O  —  Illite  1 

100 

—  A  —  mite  2 

80 

ft  *                              *»  *»                           ^  ** 

1  /                                                                 *Ci>             -* 

1                                                                                             "»      ^       ^ 

f  '                                                                                                    *»  _** 

vity  Removed 

ON 

o 

III                          #-"      ^ 

iii               r   ^" 

•H 
■P 
O 

!      /  / 

t  w 

*    <*/ 

c 

■         /    / 

o 

?    /o' 

Pi 

l       /  / 

9> 
0-, 

1      /  / 

•     // 

!  •' 

20 

L// 

1 

1  / 

a 

i 

J 

i                i                i                i                j 

C 

)                1000              2000              3000              woo              5000 

ppm  Clay 

Fig.  1.   -  Sorption  of  Cs  ^'   from  Tap  Water  by  Variable  Dosages 

of  Clay. 
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Fig.  2.  -  The  Effect  of  pH  on  Sorption  of  Cs  J(   from  Tap  Water 
by  1000  ppm  Fullers  Earth  or  1000  ppm  Illite. 
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Fig.  3.  -  Removal  of  Zs^V   from  Tap  Water  by  1000  ppm 
Fullers  Earth  or  Illite  with  Variable  Dosages  of  117. 
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—  O  —  Illite  Centrifuged 
Illite  Settled 
Illite  Turbidity 


2         3^5 
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Fig.  k.  -   Removal  of  Cs  ■*'   frora  well  Water  with  202  ppm  Lime, 
k6   ppm  Soda  Ash,  1000  ppm  Fullers  Earth  or  Illite,  and  Variable 
Dosages  of  Dis-106. 
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Fig.  5.  -  Removal  of  Cs  J     from  Well  Water  with  202  ppm  Lime, 

**6  ppm  Soda  Ash,  1000  ppm  Fullers  Earth  or  Illite,  and  Variable 

Dosages  of  "Si0a" . 
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Fig.  6.  -  Removal  of  Cs  -*'   from  Well  Water  with  202  ppm  Lime, 
k6  ppm  Soda  Ash,  1000  ppm  Fullers  Earth  or  Illite,  and  Variable 
Dosages  of  CN. 
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Fig.  7.  -  Removal  of  Cs  ^'   from  Well  Water  with  202  ppm  Lime, 
Urd   ppm  Soda  Ash,  500  ppm  Fullers  Earth,  500  ppm  Illite,  and 
Variable  Dosages  of  CN. 
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—A—  Centrifuged  Activity 
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Fig.  8.  .  The  Effect  of  Mg  Added  as  MgCl2  on  the 
Removal  of  Cs!37  from  Well  Water  with  Lime,  Soda 
Ash,  500  ppm  Fullers  Earth,  and  500  ppm  Illite. 
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Fig.  10.  -  The  Effect  of  Soda  Ash  Dosage  on  Removal  of  Sr' 
from  Well  Water  by  Lime-Soda  Softening. 
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Fig.  11.  -  Removal  of  Sr89  from  Well  Water  with  Variable 
Dosages  of  Clay. 
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Fig.  12.  -  Removal  of  Pm     '   from  Tap  Water  by  Coagulation 
with  Variable  Dosages  of  Alum  or  Ferric  Sulfate. 
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Fig.  13.  -  The  Effect  of  pH  on  Removal  of  Pm  '  from  Tap  Water  with 
60  ppm  Alum  or  36  ppm  Ferric  Sulfate. 
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Fig.  14.  -  Removal  of  Pral47  from  Well  Water  ^^  variable 
Dosages  of  Clays. 
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Fig.  15.  -  Removal  of  Pm1^  from  Well  Water  with  ^6  ppm  Soda 
Ash  and  Variable  Dosages  of  Lime. 
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Turbidity  with  Aid  Added  First 
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Fig.  16.  -  Removal  of  Pin  7  from  Well  Water  with  202  ppm 
Lirae,  k6  ppm  Soda  Ash,  and  Variable  Dosages  of  Activated 
Silica. 
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Fig.  17.  -  Removal  of  PrrW  from  Well  Water  with  Variable 
Dosages  of  Activated  Carbon. 


1000 


-  110  - 


60 


— A —  Aqua  Nuchar  A  Centrifuged 
—  O  —  C-190-N  Centrifuged 


I 
1 

% 

3  20 


s 


M 

(X, 

0 


.-O 


,---'  * 


J. 


0      1000     2000     3000     4000     5000 

ppui  Carbon 

Fig.  18.  -  Removal  of  1*3  !  from  Well  Water  with  Variable 
Dosages  of  Activated  Carbon. 
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Fig.  19.  -  Removal  of  I1^1   from  Well  Water  with  Variable 
Dosages  of  Chlorine  and  50  ppm  Alum  or  bO   ppm  Ferric  Sulfate. 
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Fig.  21.  -  Removal  of  I131  from  Well  Water  with  Variable 
Dosages  of  Chlorine  and  100  ppm  Aqua  Nuchar  A. 
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Fig.  22.  -  Removal  of  I  3     from  Well  Water  with  Variable 
Dosages  of  Chlorine  and  1000  ppm  Aqua  Nuchar  A. 
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Fig.  23.  -  Removal  of  I^l  from  Well  Water  with  0.1  ppm 
Chlorine  and  Variable  Dosages  of  Aqua  Nuchar  A. 
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Fig.  2k.   -  Removal  of  I  ^  from  Well  Water  with  100  ppm  Aqua 
Nuchar  A,  202  ppm  Lime,  kS   ppm  Soda  Ash,  and  Variable  Dosages 
of  Chlorine. 
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Fig.  26.  -  The  Effect  of  Stable  I"  on  Removal  of  I  -*1  from 
Well  Water  with  0.1  ppm  Cl2  and  100  ppm  Aqua  Nuchar  A. 
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Fig.  27.  -  The  Effect  of  pH  on  Precipitation  of 
Uranium  with  Lime  and  Sodium  Hydroxide. 
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Fig.  29.  -  Removal  of  Uranium  from  Dilute  Uranium  Solution 
with  Lime  and  Kaolinite. 
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Fig.  30.  -  Removal  of  Uranium  from  Well  Water  with 
202  ppm  Lime,  k6   ppm  Soda  Ash,  500  ppm  Kaolinite, 
and  Kelgin  W. 
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Fig.  31.  -  Removal  of  Uranium  from  Well  Water  with 
202  ppm  Lime,  46  ppm  Soda  Ash,  500  ppm  Kaolinite,  and 
Activated  Silica. 
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